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Abstract 

Background: Renal dynamic contrast-enhanced MRI (DCE-MRI) enables the non-

invasive and joint access to single kidney perfusion and glomerular filtration rate 

(GFR). Perfusion and GFR are the main indicators for kidney function and are 

important biomarkers for a wide range of renal diseases. These renal DCE-MRI 

biomarkers are underused in research and clinical practice due to lack of 

standardization and harmonization of image acquisition and analysis methods, and 

dependency of local in-house expertise. Moreover, the development of renal imaging 

biomarkers has been hampered by the inconsistent or lacking use of methods for the 

evaluation of technical performance. Thus, evidence is lacking on clinical value in 

terms of repeatability and accuracy, under controlled conditions. To increase the 

likelihood of success in the implementation of the biomarkers in clinical practice, 

imaging biomarkers with high technical performance should be established prior to 

clinical validation studies.  

Aims: The overall aim of this study was to establish a framework for the 

comprehensive evaluation of technical performance and feasibility of renal DCE-MRI  

for assessing renal function in clinical practice. More specifically, we aimed to 

evaluate repeatability and accuracy of renal DCE-MRI derived biomarkers compared 

to a clinical reference method, with focus on acquisition- and post-processing 

characteristics and in a context of feasibility applying DCE-MRI in a patient group. 

Methods: 30 healthy individuals and 20 healthy living kidney donors had their renal 

function assessed with DCE-MRI, and clinical reference glomerular filtration rate 

(GFR) assessed from serum clearance of iohexol (iohexol-GFR) and creatinine 

(eGFR). Data were collected prospectively, using a controlled, cross-sectional method 

and a comparison study design. Evaluation framework included the assessment of test-

retest repeatability and absolute agreement of MR-derived functional estimates, 

accuracy in MR-GFR compared to iohexol-GFR, and influence on the MR-derived 

functional estimates related to image quality characteristics in DCE-MRI data, and 
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different post-processing steps using classification trees. Further, the feasibility of the 

DCE-MRI method applied to a patient group of living kidney donors was investigated. 

Main results: Renal DCE-MRI derived single kidney perfusion- and GFR-values of 

healthy subjects were determined within physiological ranges. DCE-MRI 

measurements discriminated functional values in the healthy kidney from elevated 

values in the remaining single kidney after nephrectomy. Differences in donors and 

healthy subjects’ single kidney functional parameters were consistent with an adaptive 

response after nephrectomy. DCE-MRI derived single kidney perfusion and filtration 

measurements were determined with overall high repeatability but low intra-individual 

agreement. Low intra-individual agreement indicates the presence of measurement 

errors in the DCE-MRI method. An overall good accuracy was found between 

iohexol-GFR and MR-GFR, including quantification of total MR-GFR with low mean 

difference. However, moderate precision between iohexol-GFR and MR-GFR was 

found, likely related to unsystematic variabilities in the DCE-MRI method. Image 

quality and post-processing steps had a significant impact on the accuracy between 

MR-GFR and iohexol-GFR measurements.  

Conclusion: Our findings showed that renal DCE-MRI enables quantification of the 

single kidney perfusion and filtration with overall good repeatability and total GFR 

with good accuracy to reference iohexol-GFR. Main challenges were the low intra-

individual agreement in single-kidney DCE-MRI measurements and moderate 

precision between MR-GFR compared to reference iohexol-GFR. The use of an 

evaluation framework under controlled conditions and the use of a clinical reference 

method enabled valuable insight into both repeatability and accuracy. Approaching 

advances in DCE-MRI technology by the use of a similar framework might ease 

validation efforts to promote future implementation of this technique into clinical 

practice.  
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1. Introduction and theory 

1.1 Background  

Quantitative magnetic resonance imaging (MRI) biomarkers  
Quantitative MRI seeks to quantify fundamental biologic and MRI-derived tissue 

properties or biomarkers (1). This is different to the routine clinical application of MRI 

where differences in pulse sequence parameters are used to provide detailed high-

resolution images for subsequent qualitative image analyses of morphology (1, 2). As 

a concept, quantitative MRI includes the development, standardization, and 

optimization of anatomical, functional, and molecular imaging acquisition protocols, 

data analyses, display methods, and reporting structures (3).   

A widely accepted definition of a biomarker is: “a characteristic that is objectively 

measured and evaluated as an indicator of normal biological processes, pathogenic 

processes or a response to a therapeutic intervention”(4, p.13). By combining the two 

concepts of quantitative MRI and biomarkers, a quantitative imaging biomarker (QIB) 

can be defined as “an objectively measured characteristics derived from an in vivo 

image as an indicator of normal biological processes, pathogenic processes, or 

response to a therapeutic intervention”(5, p. 814). Accordingly, the development of 

QIBs must be based on the understanding of the organ physiology at the molecular 

level combined with the underlying mechanisms of MRI signal generation and 

processing into quantifiable values. 

 

Quantitative MRI of renal function 
During the last two decades, advances in MRI technology have made it possible to 

obtain quantitative information of the physiological state of the kidneys (6). Dynamic 

contrast-enhanced MRI (DCE-MRI), and other functional techniques such as 

diffusion-weighted MRI (DWI-MRI), and arterial spin labelling (ASL) MRI, have 
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shown great potential to provide important functional information about renal tissue, 

and thus go beyond morphological characterization only. Despite this, the reliability of 

functional MRI methods in defining renal injury has not been proven (6), and renal 

MRI biomarkers are today underused in clinical practice. The need of more clinical 

experience and harmonization of technical requirements has been emphasized, and 

defined as prerequisites before these methods can be validated against current 

diagnostic methods (6). In this way, there is still an unmet need for renal imaging 

biomarkers that could predict disease initiation, progression and therapy response (6, 

7).  

Renal perfusion and glomerular filtration rate (GFR) are major functional parameters 

in kidney diseases (8). In DCE-MRI, the measurement of signal change as a function 

of time, induced by an intravenous injection of paramagnetic contrast agent (CA), 

enables the measurement of both perfusion and GFR using advanced post processing 

and pharmaco kinetic models (7). The joint access to those parameters in same 

imaging session, are unique to DCE-MRI compared to other functional MRI 

techniques. Developing DCE-MRI method for the accurate and repeatable access to 

renal perfusion and GFR, would significantly improve patient care in nephrology (9). 

 

Establishment of renal DCE-MRI in clinical use 
The first renal DCE-MRI experiments date back to the mid-1980s (10, 11). In 

correlation with technical advances of imaging speed and image data quality, 

quantitative renal DCE-MRI has since been an active research field. However, despite 

extensive research, no consensus on optimal technique for data acquisition or post-

processing has been achieved, and correspondingly, no standardization of methods to 

guide clinical implementation is available (12).   

In the development and implementation of renal MRI biomarkers in clinical practice, 

high technical- and clinical performance is needed. Technical performance is an 

assessment of how a test performs in reference subjects under controlled conditions 
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(5). Sullivan et al. emphasize the importance of establishing technical performance for 

a given biomarker prior to clinical validation studies in which clinical performance can 

be determined (5).   

In this context, the present project introduce a methodological framework for the 

assessment of technical performance of DCE-MRI as a tool to quantify renal function.  

In the technical and methodological development, a multidisciplinary approach is 

needed. Hence, this project involves a close collaboration between researchers from 

the basic sciences (mathematics, physics), informatics and computer science 

(advanced visualization), from biomedicine (physiology, pharmacokinetics), and 

medical doctors.  

Due to the multidisciplinary characteristics of this project, the introduction and theory 

section will cover a wide range of theoretical aspects, including renal physiology, GFR 

measurement methods, technical and methodological aspects of renal DCE-MRI 

acquisition and image post-processing, and clinical application of the DCE-MRI 

method. Hereafter, the framework of technical performance is addressed, interweaving 

aspects into a method evaluation and comparison context. 
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1.2 Renal physiology 

 

1.2.1 Renal perfusion and glomerular filtration rate 

The kidneys play a vital role in regulating the internal environment in the body by 

controlling the concentration of waste products of metabolism, osmolality and 

electrolytes, fluid volume, acid-base (pH) status and ionic composition of the 

interstitial fluid (13).  

The kidney consists of a peripheral outer and inner cortex and more centrally, the renal 

medulla, which is further divided into a number of cone-shaped tissue structures called 

pyramids. The apex of each pyramid extends towards the renal pelvis forming a 

papilla. On the medial surface of the kidney is the hilus, containing fat, the distal end 

of the renal artery and the origin of the renal vein, the lymphatics, the renal nerves and 

the renal pelvis, which is the upper end of the ureter (Figure 1) (13).  

 

The nephron 
The basic functional unit of the kidney is the nephron, and a healthy kidney contains 

about 1 million of them. Each nephron consists of a filtering component (renal 

corpuscle) and a tubule where reabsorption and secretion of fluid and electrolytes take 

place. The renal corpuscle consists of an exterior component called the Bowmans 

capsule that holds the second component, a knot of glomerular capillaries constituting 

the filtering capillaries in the glomerulus (Figure 2). The renal tubule extends from 

Bowmans capsule and consists of: i) proximal tubule, ii) loop of Henle, and iii) the 

distal tubule. There exist two populations of nephrons, the cortical nephrons situated 

in the outer two-thirds of the cortex, and the juxtamedullary nephrons (15 % of all 

nephrons) situated in the inner one-third of the cortex (Figure 2). The proximal tubule 

and distal tubule are mostly situated in the renal cortex, and loop of Henle, connecting 

proximal and distal tubule, in the renal medulla. While the loops of Henle in the 
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cortical nephrons are shorter and only extend a short distance into the medulla, those 

of the juxtaglomerular have longer loops which pass deeply into the medulla. In the 

cortex, the distal tubule joins a collecting duct. As the ducts enter the medulla, they 

join with each other and drain into the minor and major calyxes (7, 13).  

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 1. Coronal slice of the kidney with main anatomical components (14). 
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Figure 2. Schematic diagram of the two populations of nephrons, their locations and 

vascular network (15).  

 

Perfusion 
The kidneys have a high blood flow, receiving about 20% of the cardiac output via the 

renal artery. The renal artery branches into two or three segmental arteries, then into 

several interlobar arteries, further into arcuate arteries branching into either cortical 

radial arteries or afferent arterioles. The afferent arterioles supply the glomerular 

capillaries, which are the site of filtration of the blood. Instead of draining into a vein, 

the afferent arterioles drain into a second arteriole, which is the efferent arteriole. The 

efferent arterioles of the cortical nephrons branch and form a dense network of 
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peritubular capillaries surrounding the proximal and distal tubules. The efferent 

arterioles of the juxtamedullary nephrons also branch into peritubular capillaries 

(within the medulla), and in addition, to medullary capillaries called vasa recta. 

Peritubular capillaries and vasa recta eventually drain into the renal vein (7, 13).  

The renal blood flow (Fb) is defined as the volume of blood delivered to the kidneys 

per unit time in units of mL/min. Correspondingly, the term renal perfusion, refers to 

the volume of delivered blood on the basis of flow per unit tissue weight, in units of 

mL/min/100mL (or mL/min/100g) (9). More than 90% of the blood entering the 

kidneys supplies the renal cortex, which is perfused at a rate of about 400-500 

mL/min/100g (100mL) tissue. Some of the cortical blood then passes to the medulla, 

whereas the outer and inner medulla has a blood perfusion of about 100-150 

mL/min/100 g tissue and 20 mL/min/100 g tissue, respectively (13). The high renal 

blood supply exists to maintain a high glomerular filtration rate (GFR). Renal blood 

flow can easily be converted to renal plasma flow (Fp) by considering the erythrocyte 

volume fraction (EVF) using the formula Fp . Given a normal EVF 

of ~ 40%, physiological ranges of Fp are 240-300 and 60-90 mL/min/100 g in renal 

cortex and medulla, respectively.  

 

Filtration 
Filtration (or ultrafiltration) can be described as the bulk flow of solvent through a 

filter, carrying with it those solutes that are small enough to pass through the filter 

(13). The prefix “ultra” indicates that the filter operates at the molecular level. The 

urinary space within Bowman’s capsule and the glomeruli represent the filtering 

component of the nephron. In the tubule, reabsorption and secretion take place. An 

almost protein-free ultrafiltrate passes into the Bowman’s urinary space from the 

glomerular capillaries. The molecular size is the main determinant of whether a 

substance will be filtered or will be retained in the capillaries. Other factors 

influencing filtration process are molecular shape and charge, which are primarily 
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significant for larger molecules (13). In the glomerulus, the molecular weight cut off is 

about 70 000 Dalton (Da) (g/mol), but the filter is only freely permeable to those 

molecules with a molecular weight of less than about 7 000 g/mol (13). For references, 

sodium chloride (NaCl), gadoteric acid (Gd, Dotarem) and iodine based contrast agent 

(e.g. iohexol), have molecular weights of 58.44 g/mol, 558.64 g/mol and 821.14 g/mol, 

respectively. For substances being freely filtered, the concentrations of the substance 

will be almost exactly the same in the initial glomerular filtrate, as in the afferent and 

efferent arterioles (13). Low molecular weight substances, such as Gd, diffuse from 

the glomeruli into the extravascular, extracellular space (EES) of the kidney (tubuli) at 

a rate determined by the blood flow, the permeability of the filtration membrane and 

the surface area of the perfusion vessels. The Gd does not cross cell membranes and its 

volume is therefore effectively the EES (2).  

 

Water and sodium reabsorption 
The composition of the initial glomerular filtrate is modified by reabsorption and 

secretion of specific substances in the nephrons. Reabsorption refers to the movement 

from the tubules to the blood, while secretion refers to transport from the blood into 

the tubular fluid. Transport is driven by active or passive forces. The most important 

active process in the nephron is the Na+K+ATPase, accounting for much of the oxygen 

consumption and enables reabsorption of over 99 % of the filtered sodium. Water 

reabsorption is driven by an osmotic force and is controlled by antidiuretic hormone 

(ADH).  Further, renal autoregulation (myogenic mechanism and renin-angiotensin 

system) preserves a stable renal blood flow and GFR despite variable blood pressure in 

the renal artery (13). 

 

Renal clearance: concept and gold standards methods 
Renal blood flow and GFR cannot be measured directly, and the concept of clearance 

is therefore essential in order to measure Fb and GFR. The renal clearance of a 
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substance is the net removal of that substance from the circulation by the kidney (16). 

The net removal refers to the sum of the nephrons’ activity including filtration, 

reabsorption, secretion, and excretion (16). In this way, renal clearance can be defined 

as the volume of plasma, which is cleared of the substance in unit time, usually 

expressed in mL/min (13). Clearance is always expressed as a rate, and typically 

normalized to body weight, kidney weight or an estimate of a standard body surface 

area of 1.73m2 (16). A biologic requirement for accurate clearance measurements is 

that the concentration of the substance is constant or changing in a predictable way. 

Clearance measurements are therefore only suitable for the steady state determination 

of renal blood flow and GFR, and not in case of rapid changes (13). 

For use in patients, the clearance of p-aminohippuric acid (PAH) and inulin are two 

substances available to measure the effective renal plasma flow and GFR, respectively 

(13). A non-invasive technique to measure the true renal plasma flow does not exist. 

For GFR measurement, inulin clearance is considered the gold standard method (16). 

 

Renal plasma flow: PAH-clearance 
PAH is an organic acid secreted by the proximal tubule, and is also filtered at the 

glomerulus. Thus, the amount of excreted PAH is equal to the sum of the amount 

filtered plus the amount secreted. Of all the blood entering the kidney, 90% goes to the 

glomeruli and tubuli, while the rest enters the capsule, the perirenal fat and the 

medulla. Therefore, PAH clearance is not an exact measure of renal plasma flow (Fp). 

The PAH clearance approximates the cortical plasma flow and is usually called the 

effective Fp. The PAH clearance is normally about 600 mL/min/1.73m2, measured by 

plasma and urine levels and urine volume after the formula:  
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Where UPAH is the urine concentration, VU the urine flow and PPAH is the concentration 

in plasma (13).  

Glomerular filtration rate (GFR) 
The glomerular filtration rate can be defined as the fraction (volume) of the plasma 

reaching the glomerulus that is actually filtered into the tubuli per unit of time, as in 

mL/min (16).  

A number of exogenous substances are available for clearance determinations of GFR. 

In order to use a substance for GFR determination, one important criterion is the 

excreted substance has entered the urine only by filtration at the glomerulus. This 

criterion involves a series of characteristics stating that the substance is, as defined by 

Homer Smith (17): (i) freely filtered through the glomerular filter, (ii) neither secreted 

or reabsorbed  in the tubules, (iii) inert and nontoxic, (iv) neither cleared nor 

metabolized in extrarenal sites, (v) and that within the kidney, neither synthesized, 

stored nor metabolized. Finally, (vi) the substance should be cleared at a constant rate 

regardless of amount that is in solution within the plasma.  

 

Inulin clearance 
The most ideal and accurate substance for the determination of GFR is inulin, which is 

a polysaccharide with a molecular weight of approximately 5 500 g/mol, and fulfil all 

criteria for GFR-markers (16). The National Kidney Foundation (NKF) considers 

clearance of inulin as the gold standard for GFR determination (18). The following 

formula: 

 , 

defines the clearance of inulin, where Uin (mg/min) is the urinary inulin concentration, 

VU is the urine flow (mL/min) and Pin, which is the plasma concentration of inulin 

(13). In this way, inulin clearance refers to the volume of plasma per unit time that is 
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cleared of inulin by renal excretion. The normal inulin clearance (GFR) in healthy, 

hydrated young adults have mean values of 127 mL/min/1.73m2 in men and 118 

mL/min/1.73m2 in women with a standard deviation (SD) of about 20 mL/min/1.73m2. 

After age 20 to 30 years, GFR decreases by approximately 1.0 mL/min/1.73m2 per 

year, with a large inter-individual variation (18).  

 

Gold standard urinary PAH- and inulin clearance procedures, involve intravenous 

infusion and timed urine collections over a period of several hours, making these 

methods expensive and cumbersome, and hampered by inaccurate timed urine 

sampling (16). In clinical practice and research settings, PAH- and inulin clearance 

procedure have therefore been replaced by plasma clearance formulas (19, 20).  

For GFR estimation, a number of alternative filtration markers have been adopted, 

encountering either clearance of endogenous- or exogenous substances. In Europe, the 

most common GFR markers are the radiological (iodine) contrast media iohexol and 

radioisotope chromium-51 labeled ethylenediamine tetraacetic acid (51Cr-EDTA), with 

documented high accordance in GFR measurements (21). In the absence of non-

invasive methods to measure true renal blood flow, only alternative methods for GFR 

measurement will be outlined in chapter 1.3. Presentation is also restricted to the GFR 

methods used in this project.   
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1.3 GFR measurement methods 

 

Serum creatinine (SCr)  
In clinical practice, SCr is the most widely used endogenous substance for GFR 

estimation (16). One major advantage of SCr is that it is endogenously produced so 

that infusions are not necessary. Creatinine is a product of muscle metabolism, and 

plasma levels of creatinine is generally stable as a function of muscle mass, and when 

subject is at rest. SCr can be increased acutely by high protein intake, high energetic 

physical exercise, and SCr can be decreased with a vegetarian diet (16). SCr is freely 

filtered, however secreted and to some extent reabsorbed by the tubules, thus the 

creatinine clearance exceeds the GFR (19). Because of these shortcomings creatinine 

clearance tend to substantially overestimate true GFR. Generally, SCr has a low intra-

individual but substantial inter-individual variation. The use of a single reference range 

for SCr to distinguish between a healthy or declined GFR could therefore be 

misleading (16, 19).  

Alone, the SCr level is used as an index of renal function, whereas a mathematical 

estimation of GFR, “estimated GFR” (eGFR), can be provided by entering the Scr into 

an appropriate equation, where usually age, gender and race are incorporated. Two 

widely used methods are the Modification of Diet in Renal Disease (MDRD) formula 

(22), and recently the Chronic Kidney Disease Epidemiology Collaboration (CKD-

EPI) formula (23) has been introduced because of a higher accuracy in particular 

patients with near normal GFR; 

MDRD: eGFR = 32788 x Serum Creatinine-1.154 x Age-0.203 x [1.210 if Black] x [0.742 

if Female] 

CKD-EPI: eGFR = 141 x min (SCr/k,1)a x max(SCr/k,1)-1.209 x 0.993Age x [1.018 if 

Female] x [1.159 if Black] 
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where SCr is serum creatinine (mG/dL), k is 0.7 for females and 0.9 for males, a is -

0.329 for females and -0.411 for males, min indicates the minimum of SCr/k or 1, and 

max indicates the maximum of Scr/k or 1. 

 

Iohexol 
Iohexol is a non-ionic contrast media of low osmolality that like inulin and EDTA, is 

eliminated by glomerular filtration with no signs of tubular secretion or reabsorption 

(24). Calculated plasma concentrations at time 0 and 4 hours have proven sufficient for 

accurate determination of GFR in adults, compared to four sample investigations (21). 

A prerequisite for this simplification (one sample) is that the distribution volume (i.e. 

the extracellular volume), can be accurately estimated from anthropometric data 

(height, weight, age and sex). In children and pregnant women, this assumption might 

not be met. Iohexol can be quantified by high pressure liquid chromatography (HPLC) 

technique which is based on separation and quantification of iohexol by affinity 

chromatography after precipitation of plasma proteins (25). Then, iohexol clearance is 

calculated as dose/are under the curve at a time scale at “time 0” and at 4 hours.   

 

Imaging glomerular tracers 
In medical imaging, GFR can be measured using exogenous agents such as 51Cr-

EDTA and technetium-99m diethylenetriamine pentaacetic acid (Tc99-DTPA) used in 

nuclear medicine, iodine contrast agent as used in computed tomography (CT) or low 

molecular weight gadolinium (Gd) chelates used in MRI. From here, only Gd used as 

GFR-tracers in DCE-MRI imaging will be described.  

After injection, Gd are rapidly distributed into the extracellular space, quickly 

equilibrating between plasma and interstitial compartments (26). Most Gd contrast 

agents have no protein binding, and have a predominant renal elimination by 

glomerular filtration without any tubular secretion or reabsorption(27). In MRI, the 
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clearance pattern of Gd contrast agent is typically sampled within a time period of <10 

minutes to determine GFR. Gd contrast agents maintain a mean terminal half-life of 

approximately 1.3 to 1.6 hours (26). 

 

The established standard urinary clearance methods for GFR measurement based on 

exogenous substances (inulin, iohexol) are not used much because they are time-

consuming, require several urinary/blood samplings and are expensive. Plasma 

clearance of iohexol or nuclear tracers have replaced the original true GFR (inulin 

clearance (as surrogate gold standards, and estimates GFR based on new equations 

(SCr) are routinely used in epidemiologic research and clinical practice (19, 28). 

Therefore, establishing rapid and quantitative imaging methods for the joint access to 

GFR and perfusion measurements without urinary or blood samplings would be useful 

in the clinical management of patients with renal disease. In additions, these methods 

have the capacity to add new diagnostic and therapeutic information by measurements 

of regional and split function changes in the kidneys. 

 

 

1.4 Dynamic contrast-enhanced MRI (DCE-MRI) 

1.4.1 Basic MRI principles 

A clinical MRI scanner is equipped with a large superconducting magnet, which 

provides a stable homogenous field (B0, 1.5 – 3.0 Tesla), and multiple coils for 

different purposes including the radiofrequency (RF) coils for signal transmission (RF-

pulse) and reception, and the gradient coils, which create variations in the B0. For 

abdominal imaging, additional surface coils are used to improve signal reception (29).  
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The MRI signal 
MRI signals depends on the magnetic properties of the hydrogen nucleus, which is the 

most abundant nuclei in the human body. The hydrogen nucleus contains a single 

positively charged proton that, in the absence of an applied magnetic field, spins 

around its own axis with random alignment. In the presence of a magnetic field (B0), 

most (low energy) protons will align parallel to the B0, whereas a smaller proportion of 

(high energy) protons will align anti-parallel. The relative balance between the two 

creates a net magnetization vector (NMV), reflecting the strength of MRI signal. At 

higher field strengths (> 1.5T), a larger portion of nucleus would gain high energy and 

be enabled for anti-parallel alignment to B0.  

Hydrogen nucleus presseses around the B0 axis at a rate called the Larmor frequency, 

being proportional to the field strength. MRI signal from the hydrogen will occur in 

response (resonance) to a RF-pulse giving it enhanced energy when being transmitted 

at the hydrogens own Larmor frequency. When RF-pulse is switched off, hydrogen 

nuclei release excess energy and starts the return to equilibrium. The process by which 

the hydrogen nuclei loses energy is called relaxation, characterised by two parallel 

processes featured by the times of longitudinal T1 recovery (T1 relaxation time) and the 

loss of transverse magnetization (T2 relaxation time). T1 relaxation time reflecting the 

time it takes for 63% of the total energy to be regained in the longitudinal direction via 

spin lattice energy transfer, T2 relaxation time the time it takes 63% of the total energy 

to be lost in the transverse plane via spin spin energy transfer (30). A faster process 

than the T1 and T2, called the T2* decay, occur immediately after the RF pulse is 

removed. T2* effect is a combination of two effects: T2 decay itself, and dephasing 

due to magnetic field inhomogeneity. T2* produces a rapid loss of signal so that it 

reaches zero before most tissues have had time to attain their T1 and T2 relaxation 

times. To avoid this rapid loss of signal, different strategies can be applied, which will 

be treated successively (30). 
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MR image contrast parameters 
Mechanisms affecting image contrast between various tissues can be divided into 

intrinsic contrast parameters, which are those that reflect inherent tissue properties that 

cannot be changed, and extrinsic contrast parameters, which depend on pulse sequence 

used. Intrinsic contrast parameters are T1 and T2 relaxation times, proton density, 

diffusivity of water within tissue (apparent diffusion coefficient, ADC), capillary 

perfusion, blood flow or velocity. Extrinsic contrast parameters manipulate the signal 

to highlight particular tissue properties, and include repetition time (TR), echo time 

(TE), flip angle (FA), inversion time (TI), turbo factor, b value. TR and TE are the 

timing parameters of the sequence being measured in milliseconds (ms). TR determine 

the time interval between two RF excitation pulses and thus the amount of T1 

relaxation that has occurred when the signal is read. TE decides how much decay of 

the transverse magnetization is allowed to occur and hence controlling the amount of 

T2 relaxation. Selected FA decides which angle the NMV flip into the transverse plane 

after a RF excitation pulse (30). 

 

1.4.2 Image acquisition  

Renal DCE-MRI monitors the transit of paramagnetic Gd based contrast agent (CA) 

through the intrarenal regions of the renal cortex, the medulla and the collecting 

system, as illustrated in Figure 3. Contrast agent used for quantification purposes must 

be cleared by glomerular filtration and pass from the renal vasculature into the renal 

tubules while enhancing the signal of the renal tissue. By analysing the enhancement 

in renal tissue as a function of time, quantification of single kidney parameters such as 

the renal blood flow and glomerular filtration rate is possible (31). The typical stages 

of kidney enhancement are shown in Figure 3. DCE-MRI apply either two-

dimensional (2D) (i.e. median slice through kidney) or three-dimensional (3D) 

acquisitions. This project applies a 3D sequence reading out an entire kidney volume 
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at each time point, introducing stringent demands in sequence optimization compared 

to a 2D sequences. A 3D technique enables to sum the perfusion- and filtration values 

of each slice, or even of each voxel in each slice. Hence, in contrast to a 2D sequence, 

a 3D sequence considers potential heterogeneity of function within the organ, which is 

one basic component of a full quantitative MRI method (32). This thesis covers only 

3D acquisition technique.  

Optimizing a renal 3D DCE acquisition involves finding an optimal balance between 

several competing demands of whole kidney and aorta coverage, spatial-temporal 

resolution, signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) (33). 

Practically, the temporal resolution needs to be faster than the time scale of the 

processes that are being observed (arterial flow input and renal perfusion). Moreover, 

the total acquisition time needs to be on the order of the time scale of the slowest 

process (renal filtration). The spatial resolution needs to be fine enough to delineate 

the tissue regions of interest and reduce partial volume effects. Finally, an essential 

requirement for quantification of DCE-MRI data is a sufficient signal enhancement 

with respect to image noise and that the relationship between signal changes induced 

by the Gd and the concentration of Gd is known (8, 34). 

 

Figure 3. Kidney enhancement through different stages after contrast agent 

administration. Figure 3 a) shows bolus arrival in the large vessels, b) cortical 

enhancement (after 20-30 s) reflecting contrast within renal vasculature, c) medullary 

enhancement from medullary enhancement (after 60 s), and d) enhancement of 

collective system (after several minutes). 

a) b) c) d) 
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Pulse sequence 
Dynamic renal studies generally use a T1-weighted sequence due to the effective 

reduction in T1 per mM concentration of Gd (8). The spoiled gradient recalled echo 

(SPGR) sequence or fast low angle shot (FLASH) sequence is the most widely used 

T1-weighted pulse sequence for dynamic renal imaging. The type of sequence 

achieves T1 weighting by using a short TR, and a short TE (to minimize T2* effects) 

in combination with techniques (spoiling) to prevent any transverse magnetization 

from being refocused by subsequent RF pulses (8, 32). 

Gradient recalled echo (GRE) sequences are generally used for DCE imaging as they 

are faster than Spin echo sequences (SE) and offer higher SNR per unit imaging time 

(8). While a SE sequences make use of 90° excitation pulse to flip the NMV and 

subsequent 180° rephasing pulse(s), a GRE sequence uses an RF-pulse that is variable 

and flips the NMV through any angle. The FA is usually selected to maximize SNR 

and the contrast between the enhanced and unenhanced kidney tissue. This approach 

favours lower flip angles at short TR, where the best SNR is achieved with a FA equal 

to the so-called Ernst angle. Bokacheva et al. (31) reported a 2.3 times higher contrast 

between the enhanced and unenhanced cortical signals using 12° than for 40°, using 

TR=3 ms and assuming a unenhanced cortical signal of T1=1000 ms. 

 

K-space sampling 
MRI encodes spatial information by using time-varying gradients to create different 

resonance frequencies at different spatial positions (8). In this way, over the course of 

the entire scan, each unique location in the image experiences a unique combination of 

magnetic field variation. These signals are sampled at an appropriate frequency into an 

array called k-space. In this way, k-space represents the spatial frequency content of 

the imaged object. Thus, coordinates in k-space are spatial frequencies describing the 

rate at which image features change as a function of position. Most image information, 
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including image contrast and general shape, is contained in the low-spatial frequency 

data of the central k-space. High-spatial frequency information such as the edge of 

kidney, is mapped to the periphery of k-space. High spatial frequency information 

sharpens the image and improves spatial resolution, by including details from edges, 

but does not change image contrast or general shapes in the image. To convert k-space 

information to an image, a reconstruction algorithm is used, most often the Fourier 

transform (FT). How signals are sampled into k-space is described by the k-space 

trajectory or sampling scheme, and determines much of the spatial, temporal, and 

contrast resolution of the resulting images, and scan duration (35).  

In renal DCE-MRI, with the use of a SPGR sequence, the two most relevant sampling 

schemes are Cartesian schemes that cover k-space along parallel lines, and radial 

schemes that acquire k-space data along coinciding projections (8).  The Cartesian 

scheme is the most widely used since it is little affected by variations in the 

homogeneity of the local magnetic field. However, it is relatively slow and might be 

affected by motion artefacts, and only sparsely samples the central region of k-space. 

Conversely, the radial scheme frequently samples the centre of k-space and is less 

affected by motion. Radial schemes are more sensitive to local field variations that 

have to be corrected to minimize image distortion (8). 

 

Acceleration strategies  
In general, slower k-space sampling allows for increased spatial resolution, tissue 

coverage or SNR (36), which are all desirable properties in renal DCE-MRI. In order 

to meet requirements in temporal resolution and reduce respiratory motion effects, 

rapid sampling strategies must be applied. Several different acceleration strategies 

have been proposed used on renal DCE-MRI (37-39). Strategies used in this work is 

parallel imaging; generalized autocalibrating partially parallel acquisition (GRAPPA) 

reconstruction of Cartesian sampled k-space data, and k-space weighted image 

contrast (KWIC) reconstruction applied to radial sampled k-space data. The parallel 
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imaging technique, along with GRAPPA and KWIC reconstruction algorithms are 

briefly described below. 

Cartesian sampled k-space with parallel imaging and GRAPPA reconstruction. 

Parallel imaging works by acquiring a reduced amount of k-space data with an array of 

(multiple) receiver coils. The undersampled data can be acquired more quickly, that in 

a clinical setting means faster image acquisition that can be used to shorten breath-

hold times and provide fewer motion-corrupted examinations (40). Undersampled data 

are reconstructed with a technique such as GRAPPA. The GRAPPA technique is 

applied to the raw k-space data and restore the phase-encoding lines that were left out 

in order to accelerate the MRI scan. 

Radial gradient echo sequence with view-sharing and KWIC reconstruction. In the 

view-sharing technique the central k-space is oversampled, whereas the peripheral k-

space is undersampled. Radial acquisitions are sampled in groups or subsets of 

typically four frames. In the KWIC reconstruction, the subframe KWIC images have 

different k-space centres and similar (shared) k-space peripherals. The KWIC 

technique is based on the fact that image contrast is predominantly determined by the 

central k-space region. Hence, the Gd induced change in MR signal- and image 

contrast during dynamic scan, would still be captured. The technique may allow 

simultaneously high temporal and spatial resolution, at the cost of reduced SNR and 

increased streaking artefacts to reduce acquisition time (41). 

 

Contrast agent dose  
The kidneys is a highly vascular organ and Gd dose should be kept low due to possible 

T1-signal saturation and T2* interference in response to high doses and/or high 

concentrations. Gd concentrations may become very high because of water 

reabsorption in the proximal tubule and within the medulla. High concentrations may 

also occur in the abdominal aorta during the first pass and in the renal cortex due to the 

large blood volume (27, 32). During the intravenous bolus injection, if the 
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concentration in the kidneys and the abdominal aorta go beyond the dynamic range of 

the sequence, the signal will reach saturation and no longer be sensitive to changes 

(12). Although little consensus exist in literature, the highest precision in GFR 

estimates has been found on a dose of 0.02 mmol/kg - 0.025 mmol/kg (31). In 

comparison, a regular clinical dose is 0.1 mmol/kg. A low contrast agent dose would 

be favourable to minimizing risk of nephrogenic systemic fibrosis (NSF) (42).  

 

Breathing technique 
Respiratory motion of the kidneys dramatically affects MR image quality. Approaches 

to minimize motion effects can be applied in acquisition stage using fast acquisition 

techniques, practically through patient breathing instructions, and in post-processing 

stage (image registration). Often strategies in all three stages are used combined. 

Considering patients´ breathing, motion effects can be minimized by measuring in 

breath-hold, requiring multiple breath-holds to achieve sufficiently long acquisition 

times (39, 43-46). Alternatively, a free-breathing protocol would give a higher patient 

compliance but more overall respiration effects (37, 47-50). A second alternative is 

respiratory triggering(51), with the risk to reduce the temporal resolution below the 

required level.  

The rapid changes of blood and tissue signal intensities during the first-pass would 

commonly be captured during breath-holding, while the slower-changing later stages 

may be acquired with shallow breathing or respiratory triggering (31).  
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1.5 Renal DCE-MRI image processing 

Processing of DCE-MRI image data can be divided into three consecutive steps: 1) 

image pre-processing for image registration and segmentation, 2) MR signal analysis 

to derive the Gd concentration from the signals and 3) pharmacokinetic modelling. 

 

1.5.1 Step 1 

Image registration 
In dynamic imaging, voxels in time series undergo displacements due to breathing, 

peristaltic movements and cardiovascular pulsation. Image registration refers to the 

alignment of an input image to a reference image by applying a spatial transformation 

to the input image, maximizing similarity measure between the two images (52, 53). In 

this way, time series within the kidney is not corrupted by information from 

surrounding tissue. Image registration can be applied in addition, or as an alternative to 

motion compensation approaches on the acquisition level (54). Proper registration is a 

critical step in the post processing chain, as uncorrected voxel displacements will 

corrupt the voxel time courses (41). Kidney movement is characterized by two 

components; i) affine movement directed along the head-to-feet axis, and ii) a 

deformable movement due to the elastic properties of the kidney as it deforms along 

with the local spatial restrictions of neighbouring organs. In this way an affine 

registration algorithm can preferably be used as an initializing step supplemented by a 

deformable registration algorithm. Manual, semi-automatic or fully automatic methods 

have been proposed in literature. Manual techniques are time-consuming and introduce 

a subjective component, while developing robust automated techniques is an active 

topic of research (55). 
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Kidney segmentation 
Segmentation involves the identification of anatomical landmarks, in this context 

defining voxels representing the kidney volume. Then, image-derived measurements 

within these regions can be compared for further analysis.  

Segmentation may involve manual drawing of region of interests (ROI), alternatively 

automated or semi-automated algorithms. While manual segmentation is time-

consuming and requires anatomical expertise, automated algorithms may enable 

efficient segmentation of the entire kidney with possibilities to further be divided into 

cortex and medulla (31).  

The segmentation procedure is typically a preparation step for an ROI-based analysis 

of functional parameters. For a ROI-analysis, the signal-time curves of all voxels in 

the ROI are averaged to produce one single curve. The alternative is to calculate 

parameters on the level of voxels. For a voxel-based analysis, a signal-time curve is 

extracted for each voxel (54). A hybrid approach would be to perform a voxel-based 

analysis first and use parametric maps to define ROIs, and repeat the analysis on a 

ROI-level.  

 

1.5.2 Step 2 

Signal to concentration estimation 
In DCE-MRI, the Gd is not detected directly, rather than the effect of the Gd on their 

nearby water protons. Gd shortens the longitudinal relaxation time (T1) of water 

protons in proportion to its concentration. Hence, this effect leads to a signal change 

that is uniquely related to the Gd concentration. The first step in analysing DCE-MRI 

is therefore to convert the measured signal-time-curve S(t) into concentration-time 

curve C(t). In any MRI sequence, the image intensity is not scaled in absolute units, 

but is weighted with specific physical parameters (T1). In addition, the signal intensity 

is dependent on parameters used in the MR sequence such as repetition time and flip 
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angle. Other factors influencing signal intensity is effects from T2* (minimized by use 

of GRE-sequence, low Gd dose, low TE (8)) and different artefacts such as inflow and 

susceptibility. Those mechanisms add extra complexities to the data analysis of DCE-

MRI data.  

Different mathematical methods can be applied to convert signal to concentration, 

each strategy involving assumptions, advantages and drawbacks. With the assumption 

that the Gd causes a signal change, in proportion to its concentration, the following 

formula for absolute signal enhancement is applicable: 

C(t) = k * (S(t) – S0) 

Where S0 is the pre-contrast signal (before injection), that are typically calculated as an 

average of several pre-contrast dynamics, presenting a baseline. K being a 

proportionality constant. Under certain conditions, the imaging protocol can be 

optimized so that the systematic errors caused by those approximations are minimal. 

However, the proportionality constant k, can be inaccurate, especially at peak arterial 

concentrations, and also in the linear part at lower concentrations.  

An alternative is using the relative signal enhancement theory that normalises the 

signal change to the baseline value after the formula: 

 

The relative signal enhancement does also require a linear signal to concentration 

relationship, but are independent of flip angle and coil sensitivity. Instead, it depends 

on the pre-contrast relaxation rate R10 that needs to be measured.    

The most accurate approach is to measure concentration in absolute MR units, i.e. to 

convert DCE-MRI signals S(t) into functions R1(t). This approach involves acquiring 

additional calibration sequences before Gd injection, such as T1 maps. In a T1 map the 

relaxation rate of the tissue precontrast R10 is measured at different flip angles. Due to 
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the known linear relationship between R1 and concentration (C= (R1-R10)/r (28)), the 

DCE-MRI signals can be derived from the linear relation: 

 

The absolute MR units method requires additional measurement time and introduce 

problems of for instance image registration. Moreover, dynamically acquired T1 maps 

are not feasible within the required temporal resolution and additional assumptions 

must be made (34). At high temporal resolutions, T1 maps get impaired by very low 

SNR. 

 

Arterial input selection 
Few seconds after injection, the Gd is present in the aorta. An accurate representation 

of the arterial input function (AIF) is of crucial importance for most calculations of 

renal function (8). The arterial vascular peak is delayed and broadened before arrival 

in the glomerulus (intravascular compartment). This process is described by a vascular 

impulse response function representing the response in the renal vasculature to a very 

short pulse of Gd in the aorta (56). The AIF is usually sampled in the abdominal aorta 

and may be affected by flow-related artefacts. Inflow artefacts arise when blood that 

has not been affected by a radiofrequency (RF) pulse, flows into the slice of interest. 

Thus, fully relaxed blood will be detected, which has a higher signal than expected. 

Inflow artefacts would produce a lower signal in the AIF and result in abnormally high 

renal blood flow values (57). To minimize these effects in 3D acquisitions, imaging 

can be done in the coronal plane (31, 58). Further is to positioning the slab so that the 

aorta travels a large enough distance through the slab. Inflowing spins will then reach 

a steady-state before they exit the slab (36).  
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1.5.3 Step 3 

Pharmacokinetic modelling 
In quantitative MRI, a pharmacokinetic model is fitted to the Gd concentration curve 

enabling extraction of functional estimates. Most commonly compartmental models 

are used by representing the kidney as a combination of vascular and tubular 

compartments. Application of kinetic modelling to analyse in vivo imaging using 

exogenous contrast agent requires that the model represents the biological system in 

terms of compartments that are functionally homogenous, that specific compartments 

correspond to ROIs defined on the images, and that the system of compartments allow 

for analytic solutions that provide physiological meaningful, numerically stable and fit 

the experimental data (59). Compartment models rely on the assumption that contrast 

agent is instantaneously and well mixed in each of the compartments it occupies (2). 

The choice of model would depend on the quality and the structure of the DCE-data. A 

necessary requirement is that all signal-time curves are adequately sampled, in 

particular the rapid signal changes in the AIF. Essential assumptions are that the 

response of the tissue to an injection of tracer is proportional to the injected dose 

(linearity) and independent on the time of injection (stationarity). Moreover, the 

longest admissible sampling interval must be shorter than the typical time scale of the 

process to be measured. In the kidney, tracer transit times in the capillary bed (vascular 

phase) are in the 3-5 s range and therefore sampling intervals are typically 

recommended in the sampling interval of ~2 (< 3 s) s for the measurement of perfusion 

(36). 

Numerous pharmaco-kinetic models have been proposed for DCE-MRI of the kidney. 

The complexity of compartment-models differs extensively in terms of number of 

compartments and physiological components that are taken into account.  
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Figure 4. Signal-time curves from DCE-MRI data of kidney and aorta.  

 

Signal-intensity curve 
At a sufficient temporal resolution applied in image acquisition step, a normal signal-

intensity (SI) curve can primarily be described by three phases, see Figure 4. The early 

peak corresponds to the rapid Gd enhancement in the aorta, and the first pass of the Gd 

through the capillary bed. The second phase, characterized by a slow increase 

corresponds to the recirculation of the Gd and the presence of filtered Gd in the 

glomerulus and tubules. The third phase is described by a slow decay of the SI and 

corresponds to the excretory function of the kidney. In this phase, concentration of Gd 

in the renal vasculature and hence a reduced rate of measurable filtration (27). 

 

The two-compartment filtration model 
A two compartment filtration model (2CFM) for GFR-estimation was first described 

by Annet et al. (60), with later adjustments such as the model described by Sourbron et 

al. (61). The 2CFM applies to the kidney as a whole and is represented by an arterial 

region, and a tissue region including the vascular space and the tubular space. The 

architecture of the model is illustrated in Figure 5. The Gd is carried by a blood flow 
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Fb (mL/100mL/min) from an arterial region into the renal tissue. First, the Gd enters 

the tissue blood, where it is distributed over the blood volume Vb (mL/100mL). A 

fraction of the entering Gd is then filtered out of the vascular space and is carried by a 

tubular flow Ft (mL/100mL/min) into the tubular system where it is distributed over 

the tubular volume (mL/100mL). The Gd then leaves the vascular and tubular spaces 

in renal tissue.  

The model can be determined by the 4 parameters blood volume (Vb), blood mean 

transit time (Tb), tubular flow (Ft) and tubular transit time Tt. Transit times of blood 

(Tb) and tubules (Tt) is determined by the formulas Tb=Vb/Fb  and  Tt = Vt/Ft, 

respectively.   

The GFR can then be calculated from Ft as Ft x V, where V is the whole kidney 

volume. The blood flow Fb can be calculated as the Fb =Vb/Tb (61). 
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Figure 5. Diagram illustrating the two-compartment filtration tissue model for the whole 

renal parenchyma (grey zone).  
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1.6 Clinical applications and patophysiology 

With the capability of measuring single-kidney perfusion and GFR, renal DCE-MRI 

has the potential of improving the diagnosing of several renal diseases. Significant 

impacts would include a more early detection, prognosis, prediction and monitoring of 

treatment effects. One clear advantage would be to detect pathophysiological changes 

without biopsy, and characterise the renal parenchyma at high spatial resolution. A 

short overview of the main applications and results of renal functional estimates is 

provided below based on literature search from the year 2000 till present.  

 

Renal cell carcinomas 
Renal cell carcinomas (RCC) originate within the renal cortex and represent 80-85% 

of all primary renal neoplasms (62). RCCs are characterized with a high vascularity 

and commonly large size making them suitable for functional evaluation(63). The 

tumour enhancement following Gd injection in DCE-MRI reflects the delivery of the 

Gd into the tumour interstitium. The rate of contrast delivery and its subsequent 

washout are related to several basic physiological aspects of representing tumour 

vasculature, tumour blood flow and micro vessel permeability. DCE-MRI can 

therefore be used to monitor the vascular changes following therapy (64). Sun et al 

(65) demonstrated how DCE-MRI allowed differentiation between three RCC tumour 

subtypes based on characteristics of SI change in cortico-medullar- and nephrogenic 

phase. Applying a two compartment exchange model for tumour data, Notohamiprodjo 

et al. (63) showed that plasma flow (FP) and extraction flow (FE) was significantly 

lower than in normal kidneys. 

 

Partial nephrectomy 
Compared to earlier years, a greater proportion of newly diagnosed patients with RCC 

present with stage 1 (renal masses up to 4 cm) (66), likely attributable to the rapid rise 
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in utilization of  abdominal imaging. The current standard of management of T1a 

tumours is partial nephrectomy (67). Renal DCE-MRI can be used to monitor renal 

functional outcome for patients undergoing partial nephrectomy (68). Kang et al. (39) 

demonstrated loss in parenchymal volume (33%) and loss in GFR (34%) in the 

operated kidney and compensatory increase in the function of the contralateral kidney.     

 

Renovascular disease (RVD)  
Arterial narrowing could be caused by atherosclerosis and atherosclerotic renovascular 

disease (ARVD) accounts for 90% of the renal artery stenosis (RAS) in the western 

population. ARVD may be asymptomatic or is associated with hypertension which 

may lead to chronic and end-stage renal disease (ESRD) (69). Because of the high 

incidence of asymptomatic RAS, information of renal blood flow could help determine 

the functional significance of the stenosis, to monitor therapy, and to develop 

predictive indices to identify patients likely to benefit from revascularization. As RVD 

often is asymmetric in nature, the management of RVD may benefit from the 

determination of single kidney GFR (29).  Clinically it is important to identify patients 

with renovascular hypertension (RVH), who could benefit from revascularization 

surgery, from patients with idiopathic hypertension (7). DCE-MRI may offer the 

opportunity to improve the diagnosis of RVD by providing functional information to 

complement vascular imaging using magnetic resonance angiography (MRA). In the 

diagnosis of RVD, Zhang et al. (70) found renal DCE-MRI feasible in measurement of 

SK-GFR before and after angiotensin-converting enzyme inhibitor (ACEi). Studying 

response to renal artery revascularization, Lim et al. (49) reported potential of DCE-

MRI to replace radioisotope measurement of SK-GFR and improve patient 

management by providing additional information on tissue perfusion. For the purpose 

of grading of RAS and impact on MR-derived perfusion (semi quantitative), Michaely 

et al. found significant differences between patients without stenosis, low-to 

intermediate-grade stenosis and high grade stenosis (44).  
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Renal allografts/transplants 
One major complication in the early post-transplantation period (~ 1-2 weeks) is acute 

tubular necrosis (ATN) that could lead to delayed graft function and impact long-term 

outcome of grafts. ATN, which primarily is an ischemic injury to the tubules, is 

characterized by reduced blood flow, reduction in GFR and tubular dysfunction (7). In 

patients with renal allograft, renal DCE-MRI may differentiate acute tubular necrosis, 

in which cortical and medullary perfusion is maintained, from perfusion reduction of 

acute rejection (9). Wentland and colleagues (71) reported a significantly reduced 

medullary blood flow in allografts undergoing acute rejection compared to normal-

functioning allografts. Using DCE-MRI, Yamamoto et al. (72) found that DCE-MRI 

may help to differentiate between acute rejection and acute tubular necrosis after 

kidney transplantation.  

 

Nonvascular disease  
Krepkin et al. (45) studied a patient group with ureteropelvic junction obstruction. 

They found that DCE-MRI can measure split renal function, with moderate correlation 

(r=0.60) to eGFR (MDRD) and accurate discrimination of mechanical and functional 

obstruction. 

 

Chronic kidney disease (CKD) 
CKD is defined by the NKF as a GFR of less than 60 mL/min/1.73m2, or the presence 

of kidney damage, regardless of the cause and kidney function. These findings needs 

to be present for at least 3 months to differentiate CKD from acute conditions (18). In 

a recent review, Lane et al. (73) emphasized that CKD is far more common and 

involve more serious implications that previously recognized, and that tradition 

methods (eGFR, albuminuria) to evaluate renal function are often misleading. 

Recently, Woodard et al. (74) found that kidney volume, cortex volume and 
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hypofunctional volume (fibrosis, fat) fraction assessed by DCE-MRI may provide 

information about CKD risk and prognosis beyond traditional methods.  

 

1.7 Concept and framework of technical performance 

As a concept, technical performance is an assessment of how a test performs in 

reference subjects under controlled conditions (5). In medical imaging science, 

assessment of technical performance aims at guiding researchers in the methods 

required to provide unbiased and relevant evidence (75).  

In this project, technical performance considered (i) image quality characteristics, (ii) 

accuracy and repeatability of perfusion and filtration estimates, and iii) the feasibility 

of DCE-MRI method in terms of clinical value of  the renal functional estimates.  

The clinical role for MRI-derived renal perfusion and GFR is to use those 

measurements to estimate biological state and eventually the change within a subject 

over time. To determine whether the measured change is due to a likely biological 

change, it is crucial to know with confidence of how much of the measured change is 

due to technical variability (or instrumental error) (5). Moreover, the clinical value of 

a new QIB closely related to the accuracy compared with a reference standard (76). 

Limitations in clinical applications of the DCE-MRI technique to determine renal 

function have been explicit related to difficulties to obtaining reproducible and 

accurate renal functional estimates (9).  

Apart from image quality characteristics, ways to assess technical performance in the 

development of QIBs have been extensively described by Sullivan et al. (5). In view of 

this reference, the concepts of methods to assess the technical performance of QIB in 

the present project are described below. 
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Image quality 
The quality of an MRI image depends on the spatial resolution of the image and image 

contrast, the SNR, CNR, and the presence of artefacts. When attempting to increase 

the imaging speed in DCE-MRI, it is important to retain acceptable image quality and 

diagnostic capability. Irreproducibility in renal functional estimates has previously 

been associated with acquisition technique and image quality issues related to artefacts 

from respiratory motion and inflow effects (33, 47, 77).  

Image quality can be assessed either subjectively or objectively. While the effect of 

optimization on SNR and CNR is mostly objectively measureable, the effects from 

image artefacts are more unpredictable and may be more easily measurable using 

subjective/visual assessment methods. In the DCE-MRI literature, image quality has 

been addressed using both approaches (47, 48, 78-81).  

 

Use of reference method to determine accuracy of MR-GFR estimates  
In this project, accuracy was interpreted in a context of method comparison, in which 

different methods of measuring the same underlying functional value was compared. 

In measuring science (i.e. quantitative imaging), values should optimally be compared 

to a clinical available reference method, to determine accuracy of the method.  

As a term, accuracy has not a single unambiguous definition. Assessing accuracy in 

method comparison study with available reference method, should involve a 

description of the two components of uncertainty; central tendency (i.e. bias) and data 

dispersion (i.e. precision) (5). In the context of method comparison, Bland and Altman 

introduced statistical methods for assessing agreement between two methods of 

clinical measurement (82). They suggested that the extent of agreement could be 

expressed by plotting the differences (i.e. bias or mean difference) between the paired 

measurements on the vertical axis, against the mean of each pair on the horizontal axis 

(83).  
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Accuracy is commonly interpreted equivalent to validity, i.e. the degree to of closeness 

of measurements of a quantity to that quantity`s true value. In comparison, reliability 

refers to the precision of measurements, i.e. the extent to which a measurement gives 

result that is consistent. More specifically, the reliability of a measurement is formally 

defined as the ratio of the true (underlying) variance between individuals, to the 

variance of the observed values (measurement error) (83). In this sense, the reliability 

can be measured by the intraclass correlation coefficient (ICC). There are different 

types of ICC testing either consistency or absolute agreement between measurement 

methods. In diagnostic method comparison studies, testing new QIBs such as GFR, the 

absolute agreement with reference method would be of higher clinical interest 

compared to consistency. Hence, the ICC used in this project is based on an ICC 

testing absolute agreement, as described by Shrout and Fleiss (84). In Figure 6, the 

characteristics of accuracy and precision in relation to a reference value is illustrated. 

 

 

Figure 6. A measurement method can be accurate but not precise, precise but not 

accurate, neither, or both. The figure illustrates the terms precision and accuracy in 

relation to a reference value where x-axis represents measurement value and y-axis 

the probability density (85).  
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Controlled conditions and assessment of repeatibility 
In this project, repeatability refers to the type of precision expressing the variability in 

repeated measurement when a subject is measured according to stable test conditions 

(identical or near-identical). In contrast, reproducibility would refer to the 

measurement of precision when conditional factors such as location, operator and 

imaging device differ. In practice, the concepts of repeatability and reproducibility are 

often inseparable and together they comprise the total variability of the QIB (5).  In 

human studies, despite controlled conditions, sources of measurement variability 

(error) relates to inherent factors such as physiological normal variation in time 

(underlying variability). Ideal repeatability conditions would be a minimal time 

interval between imaging sessions to minimize variability due to length of time 

between measurements, a single clinical site with a specific imaging device. As a rule, 

reference values are not necessary for the evaluation of repeatability, as it assumes no 

change in the measured subject. In development of renal functional QIB, the 

assumption of no change in the measured subject is prone to uncertainty, and is 

discussed in section of method discussion.  

In this project, the used statistical metrics for repeatability is the coefficient of 

variation (CV), and the also the ICC.  CV was calculated as the ratio between the 

standard deviation (SD) of the differences between the measurements from the 

repeated measurement occasions, and the mean of all measurements. 

 

Feasibility 
A feasibility study can be designed to assess various considerations to ascertain 

whether a proposed approach, such as an imaging method, shows promise to be 

integrated in a clinical setting (86). In our project, feasibility was investigated in terms 

of the clinical value of the DCE-MRI derived renal functional measurements applied 

to a relevant patient sample of living kidney donors.  
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2. Aims 

The overall aim of this project was to establish a framework for the comprehensive 

evaluation of technical performance and feasibility of renal DCE-MRI for assessing 

renal function in clinical practice.  

 

The specific aims of paper I-IV were: 

Paper I 
To evaluate two optimized 3D renal DCE-MRI measurement techniques, a radial k-

space weighted image contrast (KWIC) sequence and a Cartesian FLASH sequence, in 

terms of intra-subject differences in estimates of renal functional parameters and 

image quality characteristics 

 
Paper II 
To investigate the repeatability of the single kidney (SK) functional measurement 

between two repeated DCE-MRI examinations, and to investigate the accuracy and 

precision of MRI-derived total GFR compared to iohexol-GFR. 

 
Paper III 
To investigate feasibility in terms of whether DCE-MRI can detect differences and 

potential adaption in SK parenchymal volume, blood flow, GFR, or filtration fraction 

in the remaining kidney of healthy donors compared to non-donors. Further, to 

evaluate the agreement in donors GFR measured by MRI versus iohexol. 

 
Paper IV 
To perform a systematic evaluation of the DCE-MRI processing chain sensitivity 

towards accuracy in GFR estimations using classification trees.   
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3. Materials and methods  

 

Between February 2013 and May 2014, a total of 50 subjects were recruited to renal 

DCE-MRI examinations and serum biochemistry of SCr clearance (eGFR) and iohexol 

clearance for reference GFR measurements (iohexol-GFR) at Haukeland University 

Hospital (HUH). These subjects were included in three different prospective studies. 

In study I [Paper I], ten healthy subjects were examined with two different DCE-MRI 

sequences (one week interval) and iohexol-GFR. In study II [Paper II], twenty healthy 

subjects were enrolled in a test-retest course involving two identical renal DCE-MRIs 

(one week interval), and a single iohexol-GFR. In study III [Paper III], 20 healthy 

living kidney donors underwent renal DCE-MRI and iohexol-GFR. In study III, the 

donors` DCE-MRI and iohexol-data were compared with data from the first DCE-MRI 

scan (MR1) of the 20 included healthy subjects of study II, thus representing a healthy 

control group. In total, DCE-MRI data were collected during 5 sessions providing 80 

DCE-MRI data sets for analyses. Study IV [paper IV] included 20 renal DCE-MRI 

datasets from study II (session 3) (Table 1).  

 

Ethics 

The Institutional Review Board (REK-Vest) approved the project and all subjects gave 

their informed written informed consent according to the Declaration of Helsinki. All 

subjects were routinely checked according to local MRI safety guidelines (Appendix 

I). 
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Table 1. Overview of the setup for data acquisition and research focus. 

Study Sample 
size 

DCE-MRI sessions Reference-
GFR 

Focus 

I 10 Session 1, protocol A  

Session 2, protocol B 

eGFR 

Iohexol-
GFR 

Protocol 
optimization 

Accuracy 

II 20 Session 3, protocol A time 1 

Session 4, protocol A time 2 

eGFR 

Iohexol-
GFR 

Repeatability 

Accuracy 

III 20 Session 5, protocol A 

Session 3, protocol A time 1 * 

eGFR 

Iohexol-
GFR 

Accuracy 

Feasibility 

IV 20 Session 3, protocol A time 1  Sensitivity 
anal. 

 

* examination protocol for controls. 

 

3.1 Participants and design 

Study I and II 
Participants of study I and study II (n=30) were healthy volunteers, who were 

recruited through local advertisement. The inclusion criteria were normal weight (BMI 

< 25kg/m2) and age under 40 years. Exclusion criteria were a history of renal, 

hypertensive, or vascular disease, previous allergic reactions to any medication, and 

the use of any medication. 

Study I: Between February 2013 and March 2013, 10 healthy volunteers were 

examined. Each subject underwent an initial SCr clearance test for eGFR estimation. 
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Iohexol-GFR was performed between the two DCE-MRI scans. All tests were 

performed within a time span of ten days, whereas the two DCE-MRI exams were 

performed seven days apart. 

Study II (data in study IV): Study II was conducted between October 2013 and 

January 2014 and 20 healthy subjects were included. Like in study I, eGFR, iohexol-

GFR and two DCE-MRI scans were performed within a time span of 10 days. eGFR 

estimation was initially conducted, while iohexol-GFR was conducted randomly either 

before the first MRI scan, in between first and second MRI scan, or after the second 

MRI scan. 

Study III 
Donors were recruited during their regular annual visit at the nephrology outpatient 

clinic. Study participation was voluntarily provided as supplementary examinations. 

Study III: Study III was conducted between April 2014 and September 2014 and 20 

living kidney donors were included. Inclusion criteria were stable kidney function at 

eGFR > 45 mL/min/1.73m2. Exclusions criteria were complications after nephrectomy, 

any disease related to decline in kidney function such as renal, hypertensive or 

vascular disease, and previous allergic reactions from any medication, including 

contrast agents. 

 

Contrast agent safety concerns 

The administration of Gd-based contrast agents involves safety concerns. Nephrogenic 

systemic fibrosis (NSF) has been associated with the use of Gd agents (87). NSF is a 

rare, serious and sometimes, life-threatening conditions that is characterized by 

formation of connective tissue in the skin, joints, muscles and internal organs in 

patients with severe reduced kidney function. The risk of developing NSF depends on 

the type of Gd, which is classified into three categories: high-, medium, and low-risk. 
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In this project, the ionic cyclic Gd chelate Godoterate meglumine (Dotarem ®) was 

used. Dotarem is classified as low-risk category by the European Society of Urogenital 

Radiology (ESUR), and no cases of NSF have been reported using Dotarem. Despite 

this, ESUR guidelines state that Gd in low-risk should be used with caution in patients 

with chronic kidney disease classified at level 4 and 5 (GFR <30 mL/min). There 

should be at least seven days between two injections, and the smallest amount of 

contrast agent necessary for a diagnostic result should be used (42). 

 

3.2 Measurement methods and data analysis 

MRI analysis was performed within the framework of technical performance 

(Previously described in chapter 1.7). Details on data analysis are provided in each 

paper, while some few superior aspects are briefly described below. An overview of 

study and image analysis chain is illustrated in Figure 7.  
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Figure 7. Overview of study setup and image analysis chain.  

 

3.2.1 Reference renal function serum markers 

In all four studies, the serum clearance of iohexol (300 mgI/mL; Omnipaque 300, GE 

Healthcare) was used as GFR reference method. Iohexol-GFR was performed by 

injecting 5.0 mL of iohexol, followed by a venous blood sample obtained after four 

hours (25). eGFR was determined based on the clearance of SCr and was used as a 

screening method prior to DCE-MRI, to confirm normal kidney function (eGFR > 60 

mL/min/1.73m2) for healthy subjects in study I and II, and within defined inclusion 

criteria (eGFR > 45 mL/min/1.73m2) for renal donors in study III.  
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3.2.2 MRI protocols 

Technical parameter settings of the renal DCE-MRI protocols, as acquired in each of 

the three studies, are presented in Table 2.  

 

Breathing regime and image motion effects 
Repeated breath hold technique provided image data (volumes) characterized by low 

impairment from motion at breath-holds, and larger impairment from motion in 

breathing intervals. In breath-hold volumes, motion effects were mainly positional 

changes in time series following the subjects´ level of expiration at breath-hold start. 

Time dependent positional changes occurred during the ~ 6 minutes of image 

acquisition time, despite identical breathing instructions. In breathing image volumes, 

motion effects would be more dominated by reconstruction errors over positional 

changes. In study I, breathing volumes were retrospectively discarded from the image 

time series stacks, and not included in analyses. In study II and III, all image time 

series were included for analyses. In study IV, the handling of image motion effects 

by using either only breath-hold volumes or full time series, was one of several factors 

that was addressed.  

  



54 

 

Table 2. DCE-MRI protocol overview. 

 Study I Study II (IV) Study III 

DCE-MRI SPGR 

T1 FLASH T1  

SPGR 

Radial VIBE 

(KWIC) 

SPGR 

T1 FLASH 

SPGR 

T1 FLASH 

TR(ms) 

TE(ms) 

FA(ᶱ) 

Matrix  

Field of view (mm3) 

Bandwidth 

Time resolution (s) 

Voxel-size (mm3) 

Total imaging time (s) 

Parallel im. factor  

2.4 

0.87 

12 

256x256 

425x425x90 

651 

2.8 

1.66x1.66x3 

380 (6:20) 

3 (GRAPPA) 

3.51 

1.61 

10 

160x160 

261x261x90 

504 

2.5 

1.63x1.63x3 

390 (6:30) 

No 

2.36 

0.8 

20 

192x192 

425x425x90 

606 

2.3 

2.2x2.2x3 

412 (6:52) 

3 

2.36 

0.8 

20 

192x192 

425x425x90 

606 

2.3 

2.2x2.2x3 

412 (6:52) 

3 

Slice selection Coronal along 

the aorta 

Coronal along the 

aorta 

Coronal along the 

aorta 

Coronal along the 

aorta 

Contrast agent 

Contrast dose                 

Injection speed 

NaCl flush 

Dotarem 

0.025 mmol/kg  

 3 mL/s 

20 mL 

Dotarem 

0.025 mmol/kg  

 3 mL/s 

20 mL 

Dotarem 

0.025 mmol/kg  

 3 mL/s 

20 mL 

Dotarem 

0.025 mmol/kg  

 3 mL/s 

20 mL 

Breathing technique 

and oxygen adm. 

Repeated breath-

holds, 1 L O2 

Repeated breath-

holds, 1 L O2 

Repeated breath-

holds, 1 L O2 

Repeated breath-

holds,  1 L O2 
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3.2.3 DCE-MRI image pre-processing 

Image registration 
In studies I-III, a non-parametric automated registration method was used, with 

normalized gradients as cost function (53). This registration method included an affine 

registration algorithm used in the initializing step, followed by a deformable 

registration algorithm. In study IV, the non-parametric automated registration method 

was adjusted to integrate a combined registration and segmentation where the 

segmentation of kidney voxels were used as cost-function (41). In this way, the 

registration was segmentation-driven based on the separation of various tissue given 

predefine thresholds. In all studies, registration algorithms were implemented and 

executed in MATLAB. 

 

AIF selection 
AIF-ROIs were manually (study I), and semi-automatically drawn (study II-IV), 

including 10-20 voxels. ROIs were positioned in mid-coronal slice along the long axis 

of the distal aorta (study I), and at level just below the branch of renal arteries (study 

II-III).  

 

Image segmentation.  
In study I, an automatized segmentation technique was used to define the whole 

kidney ROIs based on methods described by Hanson et al. (88), implemented in 

MATLAB. In study II and III, a semi-automatic approach was used for the definition 

of whole kidney parenchymal masks, performed in Platform for Research in Medical 

Imaging (PMI) 0.4 (89) . As a preparation step, voxel-based parametric maps of 

maximum signal enhancement and area under the curve (AUC) maps were calculated 

to guide the selection of AIF and renal parenchyma, respectively.  
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Image segmentation of renal ROIs made the basis for volumetric estimates of kidney 

in all studies. In study IV, the automatic versus the semi-automatic segmentation 

approach was subject to exploration regarding accuracy issues in MR-derived GFR-

estimates. 

 

3.2.4 Modeling of DCE-MRI perfusion- and filtration estimates 

In all studies (Study I-IV), a two compartment filtration model (2CFM) described by 

Annet and Sourbron (60, 61), was applied for tracer kinetic modelling.  In study I and 

IV, the 2CFM was programmed and implemented in MATLAB, while for study II 

and III the model was implemented in the PMI software. 

 

3.2.5 MRI image quality (IQ) assessment 

In study I, IQ was assessed in terms of visual characteristics and objective 

characteristics. 

Visual image quality 
Visual IQ was assessed using visual grading characteristics (VGC), as described by 

Båth and colleagues (90). In the VGC analysis, four observers rated her/his confidence 

about the fulfillment (5-poing rating scale) of 19 image quality criteria, formulated to 

capture the image quality challenges in renal DCE-MRI (Appendix II). The rating data 

were analyzed in a manner similar to that used in a receiver operating characteristics 

(ROC) analysis. Visual image quality characteristics were performed in ViewDEX, a 

software developed for observer performance studies (91). 
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Objective image quality characteristics 
Objective IQ characteristics were performed using the difference method to assess 

SNR, according to methods described by Dietrich et al. (92). Further, the relative 

contrast enhancement ratio (delta ratio) was assessed as the ratio between baseline 

SNR and peak enhancement SNR, using methods described by Michaely et al. (78). 

 

3.2.6 Analyses of renal functional estimates 

Validation of renal functional estimates against reference method 
Using iohexol-GFR and eGFR as clinical reference methods, MR-derived total kidney 

GFR-estimates were assessed on accuracy and precision (studies I-III). In study I 

and II, MR-derived total GFR represented the sum of right and left kidney, compared 

to the exclusively total GFR estimate from serum markers. By including kidney 

donors with one remaining kidney, analyses in study III involved a direct comparison 

of the single kidneys total capacity, as measured by DCE-MRI and serum-markers. In 

study IV, the measurement of absolute agreement between MR-derived GFR and 

iohexol-GFR was used for the systematic evaluation of sensitivity to the individual 

processing steps. 

 

Reliability of repeated MR-derived functional estimates 
In study II, using a repeated DCE-MRI measurement design, the repeatability of all 

MR-derived functional measurements was assessed on the single-kidney level.   

 

Feasibility of the DCE-MRI technique 
Feasibility aspects were addressed in study III, assessing clinical utility of MR-

derived function and volume estimates. The interpretation of clinical utility of renal 
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function measurements was based on characteristics of accuracy, and capability of 

detecting differences in the single kidney function and volume between living kidney 

donors and healthy subjects with two kidneys. 

 

Sensitivity of image analysis steps on the accuracy of MR-GFR 
estimates 
In study IV, the multidimensional data sets of 96 different combinations of processing 

chains were evaluated using binary classification trees. Comparison of data sets were 

based on the two different measures of intra class correlation coefficient and the mean 

absolute deviation between MR-GFR and iohexol-GFR. The binary classification trees 

were generated by grouping the results in three categories by their level of agreement 

with reference iohexol-GFR:  “good”, “moderate” and “poor”. Unique processing 

chains were assigned to these groups by setting a threshold at given percentiles of 

scoring.  
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3.2.7 Statistical analyses 

 

Statistical tests were performed with Microsoft Excel 2010/2013 (Microsoft Inc.), 

Analyze-it ® (Analyze-it Software), SPSS (IBM SPSS 21/22) and R software (version 

3.0.3, The R Foundation for Statistical Computing). 

 

Accuracy and agreement 

In study I-III, accuracy between DCE-MRI derived GFR and reference iohexol-GFR 

and eGFR, was assessed as the mean difference (MD) describing bias, and the limits of 

agreement (LoA), according to Bland and Altman (82). Bland-Altman plots were 

generated for visualization, horizontal axis representing mean of each pair and vertical 

axis the dispersion of values (precision). Precision was reported with 95% LoA, given 

by the mean difference plus or minus twice the standard deviation (SD) of the 

differences.  

Intra-correlation coefficient (ICC) was determined using a two-way random effects 

analysis of variance (ANOVA) model and an absolute agreement definition (84). ICC 

was applied to assess the test-retest agreement in SK functional estimates (study II), 

and the agreement between MR-GFR and iohexol-GFR (study IV). In study III, ICC 

was calculated to assess the absolute agreement between MR-GFR and iohexol-GFR 

in donors.  

In study II and III, percentage of MR-GFR estimates that fell within 10%, 30% and 

50% above or below the iohexol-GFR, was reported. In accordance to 

recommendations from the National Kidney Foundation, a least 90% of estimates 

should lie within 30% of the reference iohexol-GFR value (18).  
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Repeatibility  
Coefficients of variation (CV) was used to assess the repeatability of SK functional 

estimates in study II. CV was calculated as the ratio between the SD of the differences 

between the estimates from the two imaging sessions and the mean of all estimates.  

 

Differences and associations 
Pearson correlation coefficient (r) was used to assess the correlation in SK functional 

estimates across different MRI sequence types (study I), between test-retest scan 

occasions (study II), and of total MR-GFR estimates compared to iohexol-GFR and 

eGFR (study II and III). 

The paired Student t-test was used to test for systematic differences in functional 

estimates and quantitative image quality characteristics between MRI sequence types 

(study I), and between test-retest SK functional measurements (study II). The two-

tailed Student t-test with independent samples was applied to test for differences in 

means of SK functional estimates between kidney donor and control group (study III). 

In study II, a linear regression model was applied to depict the fit between iohexol-

GFR and MR-derived GFR, as well as eGFR estimates.  

A significance level of P <0.05 was considered to indicate statistical significance in 

the tests mentioned above.  

 

Image quality 
The difference in image quality between DCE-MRI sequences in study I was assessed 

using visual grading characteristics (VGC). VGC analyses is based on concepts of 

receiver operating characteristics (ROC) analysis, and results in a VGC-curve. The 

accuracy or difference index represents the area under the VGC-curve, for which the 

range of values is in the range [0.5 – 1], where 0.5 corresponds to no difference in 
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image quality, and corresponding 95% confidence interval (CI) and p-value. If CI does 

not cover 0.5, the difference between the two sequences will be statistical significant at 

the 95% level.  
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4. Summary of results 

In this section, a brief summary of results from study I-IV will be presented. The 

complete presentation of the results is available in the respective papers. 

4.1 Study I (Paper I) 

This study used a comprehensive framework to evaluate the intra-subject differences 

between two DCE-MRI measurement methods when estimating renal function 

parameters and image quality characteristics. 

In total, 10 healthy subjects underwent cartesian (FLASH sequence) and radial 

(KWIC-sequence) k-space sampled DCE-MRI data with one week interval. Using 

iohexol-GFR as reference estimates (mean [± SD], 103 ± 11 mL/min/1.73m2), KWIC 

produced significant underestimation and larger mean bias in GFR values (70 ± 30 

mL/min/1.73m2, bias = -33.2 mL/min/1.73m2) compared with FLASH (110 ± 29 

mL/min/1.73m2, bias = 6.4 mL/min/1.73m2). Estimates of single kidney perfusion and 

filtration were measured without statistical significant differences (t-test) between the 

two sequences. Using literature values for functional estimates as reference, FLASH-

derived estimates yielded overall higher correspondence compared to KWIC-derived 

estimates. The measured volume (mL) of the whole-kidney ROI was significantly 

lower in KWIC (mean, 269 mL ± 82 mL) than FLASH (341 mL ± 65 mL).  

Using the visual grading characteristic (VGC) method, KWIC sequence was more 

impaired by artefacts compared to the FLASH sequence (AUC = 0.18) with a 

statistically significantly difference. Of special importance was the chemical shift at 

renal poles and medial/lateral kidney contours (AUC = 0.26/0.17), and streaking 

artefacts (AUC = 0.36), being more pronounced in KWIC than FLASH. Reproduction 

of the corticomedullary differentiation (AUC = 0.71, p = 0.0475) and overall image 

quality was rated higher for KWIC than FLASH (AUC = 0.71, p = 0.0491), 

differences being low but statistical significant at p < 0.05 level. No significant 
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differences were found when measuring SNR in the renal cortex and aorta. Statistical 

significant lower (p = 0.001) contrast-enhancement ratio (delta ratio) in renal cortex 

was measured in KWIC compared to FLASH.  

 

4.2 Study II (Paper II) 

In this study, we investigated the repeatability of single-kidney (SK) blood flow (Fb) 

and GFR estimates between repeated DCE-MRI scans. In addition, we investigated the 

accuracy and precision of DCE-MRI- derived total GFR compared to iohexol-GFR 

reference method and eGFR.  

 

In total, 20 healthy subjects underwent repeated DCE-MRI (MR1, MR2), eGFR and 

iohexol-GFR within a period of 10 days. DCE-MRI single-kidney (SK) Fb (MR1: 

mean [SD], 345 ± 84 mL/100mL/min; MR2: 371 ± 103 mL/100mL/min) and SK-GFR 

(MR1: 52 ± 14 mL/min/1.73m2; MR2: 54 ± 10 mL/min/1.73 m2) was measured with a 

repeatability (CV) of 21.5% and 16 %, respectively. The absolute agreement between 

the repeated SK Fb and GFR measurements was reported with ICC [95% CI] of 0.34 

[0.050, 0.586] and 0.47 [0.195, 0.679], respectively. Correspondingly, the Pearson 

correlation coefficients r was 0.36 (p = 0.023) and 0.51 (p < 0.001).  

 

The mean [± SD] iohexol-GFR was 103 mL/min/1.73m2 (± 10) and eGFR 110 

mL/min/1.73m2 (± 15). With reference to the iohexol-GFR, MR1-GFR (104 ± 26 

mL/min/1.73m2) and MR2-GFR (109 ± 16 mL/min/1.73m2) was measured with a 

mean bias and limits of agreement (LoA) of 1.5 [-41.6, 44.7] and 6.1 [-25.7, 38.0] 

mL/min/1.73m2, respectively. In comparison, mean bias and LoA between iohexol-

GFR and eGFR was 6.8 [-17.6, 31.3] mL/min/1.73m2. Pearson correlations with 

iohexol-GFR were comparable for eGFR (r = 0.557, p = 0.011) and MR1-GFR (r = 

0.565, p = 0.010), and lower for MR2-GFR (r= 0.288, p = 0.229). 
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The fraction of GFR measurement quantified by eGFR, MR1 and MR2 within ± 30% 

of the iohexol-GFR, was 100%, 80% and 90%, respectively. According to the National 

Kidney Foundation, 100 % of measurements should lie within a 30 % difference of a 

reference standard. 

 

4.3 Study III (Paper III) 

In this study, we investigated feasibility of the DCE-MRI based on whether the 

method can detect differences and potential functional and volumetric adaption in the 

remaining kidney of healthy donors compared to single kidney estimates in non-

donors. Further, we evaluated the agreement between the donors´ MR-derived GFR 

and iohexol-GFR. 

 

The mean [± SD] iohexol-GFR of the 20 donors (one kidney) and 20 healthy controls 

(both kidneys) was 84 (± 13) mL/min and 105 (±10) mL/min, respectively. In 

comparison, MR-GFR was 98 (± 26) mL/min, and 109 (± 25) mL/min for the two 

groups, respectively.  

 

In donors, the MR-derived SK blood flow (mean 866 ± 330 mL/min), GFR (mean 98 

± 26 mL/min) and renal parenchymal volume (263 ± 43 mL) were significantly higher 

(p < 0.05) compared to controls SK blood flow (mean 562 ± 151 mL/min), GFR (mean 

55 ± 13 mL/min) and renal parenchymal volume (159 ± 20 mL).  

When normalized to renal parenchymal volume units (100 mL), the differences in 

blood flow and tubular filtration diminished between donor group and healthy control 

group. Correspondingly, no significant difference were found between groups in the 

filtration fraction, defined as the GFR/ plasma flow.  
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Statistical significant correlations were found between donors´ renal parenchymal 

volumes and iohexol-GFR (r = 0.694), eGFR (r = 0.764), MR-GFR (r = 0.658) and 

blood flow (r = 0.656). 

 

The mean difference and limits of agreement between donors MR-GFR and iohexol-

GFR was 14 mL/min and [-24.1, 52.1], respectively. The strength of correlation to 

iohexol-GFR was similar for MR-GFR (r = 0.75), and eGFR (r = 0.78). The absolute 

agreement between MR-GFR and iohexol-GFR, as tested by the intra-class correlation 

coefficient, was considerable higher for eGFR (ICC = 0.73) than for MR-GFR (ICC = 

0.49). In particular, lower GFR values provided better accordance between the 

methods than higher GFR values. In total, 85% of the MR-GFR measurements lie 

within 30% of the reference iohexol-value, as compared to the lower limit of 90% as 

defined by the National Kidney Foundation. 

 

4.4 Study IV (Paper IV) 

In this study, a framework based on classification trees was proposed to determine the 

impact of different post-processing steps on the MR-derived functional estimates. The 

accuracy of each distinct post-processing step was measured by the mean absolute 

agreement (intra-class correlations coefficient) between MR-GFR to iohexol-GFR, and 

the absolute difference between estimates. Post-processing steps included handling of 

motion corrupted volumes for AIF and kidney, kidney segmentation method, AIF 

placement, and signal to concentration estimation. Classes of ICC and absolute 

differences were identical, and defined on threshold levels of 15% (Good) and 30% 

(Moderate), and above 30% (Poor) by their level of agreement with the reference 

iohexol-GFR.  

Among the processing steps tested, in total 96 different combinations, the estimation 

of Gd concentration from the image signal had the largest impact on accuracy of GFR 
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estimates. At a lower level of significance, the placement of the AIF was favourable in 

the distal position. Different segmentation methods, and removal of corrupted time 

series did not play any important role. The best combination of processing steps was 

found to contain Gd concentration estimates by relative enhancement, and a distal 

positioning of the AIF.  
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5. Discussion 

In the first section of discussion, I will consider methodological choices, potential 

biases and relevance of evidence from study I-IV. Due to a methodological overlap in 

the studies, methodological considerations are presented in a chronological order from 

study design to data analysis methods. In the second section, main findings in the 

thesis and contributions of research are considered. 

 

5.1 Methodological considerations 

Study design 
In this project we applied combined approaches to assess accuracy to GFR-reference 

standard (study I-III), and the repeatability from test-retest DCE-MRI scans (study 

II). In method comparison studies, assessing repeatability is relevant because this 

limits the amount of agreement possible. Poor repeatability means high variation in 

measurements in the same subject, and bound the agreement to be poor as well (82). 

Hence, insight to both, repeatability, and accuracy provided complementary 

dimensions in the evaluation of our DCE-MRI technique. Previous research in renal 

DCE-MRI typically report on repeatability and accuracy separately, assessing 

accuracy in patient samples (45, 49, 68, 72, 93, 94), and repeatability in healthy 

volunteer studies (56, 57, 95, 96). One barrier to carry out accuracy studies in healthy 

volunteers may be the lacking availability of non-ionizing clinical GFR-reference 

methods. In previous accuracy-studies, either 51Cr-EDTA, 99mTc-DTPA or eGFR has 

been applied. While precision in eGFR is limited (18), radioisotope methods is not 

justified in volunteer studies due to radiation exposure. An advantage of radioisotope 

methods, though, is the access to a single kidney GFR reference, as compared to 

iohexol-GFR obtaining only a total GFR-reference measurement.  
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At HUH, iohexol-GFR is an established clinical procedure. Iohexol-GFR is by the 

NKF an accepted alternative to the gold standard inulin clearance, and yields a 

coefficient of variation (CV) in the range of 2.2-6.9% (21, 97, 98). In this way, 

repeated renal DCE-MRI scans applied to healthy subjects while using iohexol-GFR 

as reference, was applicable. In study II, we specifically propose using a framework 

of repeated renal DCE-MRI on healthy subjects and iohexol-GFR as reference to ease 

validation efforts in future studies. In particular, such framework would be valuable in 

studies approaching new advances in technology. 

A general challenge in clinical method comparison studies of physiological estimates 

is the inherent variability of the selected variables. Due to auto-regulating 

mechanisms, GFR is relative stable (13), however, day to day variations in SCr up to 

10% can be expected due to diet and time of day (18, 99, 100). In order to reduce the 

physiological variability between measuring sessions (MRI, serum biochemistry), we 

standardized subjects´ preparation instructions for the intake of food, fluid and 

physical exercise. Using renal DCE-MRI, Jorgensen et al. (96) showed explicitly the 

significant influence of the state of hydration on renal functional parameters. This 

clearly emphasizes the need for standardization in hydration between each measuring 

session.  

According to our study protocol, all measurements were undertaken within a time 

frame of 10 days. For practical reasons, iohexol-GFRs were measured at forenoons, 

MRI-scans at afternoons. ESUR guidelines recommend a minimum of 7 days between 

two Gd injections to minimize risk of NSF (42).  Examinations should optimally be 

undertaken at the same time of day, in order to reduce physiological variability 

between measurements. In our project, acquisitions at different time of day may add an 

extra variation component in data. Previous repeatability studies report a relatively 

long interval between DCE-MRI scans, in ranges of 5-69 days (57, 95, 96), whereas 

time of day is commonly not described. In patient studies, both test (MRI) and 

reference measurements are more commonly acquired within a short time interval 

(hours). Hence, accuracy in patient studies may be less influenced by the physiological 
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variation component. To the best of my knowledge, no guideline recommendation 

exists on the minimum time interval between iodine and gadolinium based contrast 

agents. Hence, acquiring repeated reference iohexol-GFR on the same day as MRIs 

could probably be justified in future validation studies on healthy volunteers. 

According to local preparation guidelines, no contrast agent should be administered to 

the subject the last two days before iohexol-GFR procedure. Therefore, iohexol-GFR 

should be undertaken prior to MRI-examination. Acquiring both iohexol-GFR and 

DCE-MRI within a short time interval would more easily enable the differentiation 

between physiological variation and measurement errors. 

To avoid any potential systematic relations or interaction between measurements, the 

order of examinations were randomized. In this way, iohexol-GFR were undertaken 

randomly before, in between (study I and II) or after DCE-MRI examinations. 

Undertaking iohexol-GFR on the days of DCE-MRI scans would diminish the need for 

time-dependent randomization.  

 
Perfusion  
Physiologically, renal blood flow and GFR are tightly linked together. Compared to 

other functional MRI-techniques, the joint access to those quantities is the main 

advantage of DCE-MRI. Non-invasive monitoring of renal blood flow and perfusion 

would potentially be a valuable biomarker of renal pathophysiology.  

Different from GFR, for perfusion no clinical quantitative reference method is 

available for use in patients. In the absence of such a reference method, study II was 

designed to examine the test-retest repeatability in the renal perfusion estimates. A 

similar study design has been applied in several previous DCE- MRI studies (57, 95), 

and in arterial spin labelling (ASL) studies (101, 102). In studies I and III, the quality 

of perfusion estimates, could only be assessed relative to literature values, and 

indirectly with the degree of association with MR-GFR and iohexol-GFR. 
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Consequently, perfusion was not suitable for a quality indicator to test sensitivity of 

post-processing steps in study IV.  

The renal blood flow is considerable more variable than GFR. While autoregulation 

does not prevent fall in blood flow when the systemic blood pressure (BP) is reduced 

below the normal level (< 80 mmHg), autoregulation can minimize the increase in 

blood flow when BP is increased (13). This means that in patients with low BP, the 

perfusion will be considerable more variable compared to patients with normal BP. In 

this project, monitoring of BP was not performed, but normal levels would be 

expected in our project by including only healthy subjects. In future studies involving 

patients, the monitoring of blood pressure would possibly provide relevant and 

complimentary information to the renal flow estimates.  

 

Study sample 
Sample size 
Most evidence in renal DCE-MRI derives from smaller single-centre studies, including 

feasibility or pilot studies. Our study samples were well in accordance to those in 

previous feasibility studies (39, 45, 56, 57, 68, 93, 96). In this project, a relative small 

sample size would be justified due to the objectives to assess technical performance 

and feasibility of a new imaging method. Further, as a strong relation between 

reference- (iohexol-GFR) and test variable (MR-GFR) was expected, a relatively small 

sample size would be adequate to demonstrate the relationship statistically. By 

including a relatively homogenous healthy population, the average measure would be 

closer to the population average compared to a heterogeneous sample (86). Therefore, 

increasing sample size in such a homogenous group is not expected to reduce 

measurement error in variables. In future studies, aiming to assess the diagnostic 

accuracy of renal DCE-MRI compared to a reference method, a power analysis should 

be undertaken. Such analysis would decide minimal sample size to secure statistical 

power to detect differences in diagnostic ability. 
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Sample characteristics 
Both healthy individuals and healthy donor samples were characterized by a relatively 

narrow GFR range; with mean [±SD] iohexol-GFR of 103 [±11] mL/min/1.73m2 in 

non-donors (n=30) (study I and II), and 84 [±13] mL/min/1.73m2 in donors (n=20) 

(study III). Despite not being a relevant measure of agreement (82), the correlation 

coefficient is a widely used statistical test in comparison studies. Correlation 

coefficients depend on both the variation between individuals and the variation within 

individuals (measurement error). When comparing a homogenous and a heterogeneous 

sample with identical measurement error, the correlation will always be higher in the 

heterogeneous sample. More specifically, in homogenous samples high measurement 

errors might dominate rather than the actual heterogeneity of renal function. However, 

a clinical useful DCE-MRI method should be characterized by low measurement 

errors to distinguish healthy from diseased renal function. Thus, achieving high 

correlations in a homogenous sample would be clinically interesting and important. 

Eventually, better tests of the agreement between methods would be the use of Bland-

Altman plots and the intra-class correlation coefficient (ICC). 

The donor study (study III) relied on cross-sectional data to address potential 

morphological and functional adaption in donors remaining kidney, based on 

comparisons with a group of non-matched healthy controls from study II. True 

changes after nephrectomy would only be assessable from longitudinal donor data in 

the pre- and post-nephrectomy phases. Hence, future validation work of DCE-MRI in 

living kidney donors should include longitudinal data. Further, a limitation in our 

donor study was the lack of age matching between donor- and control groups. This is 

of relevance due to the known age-related decline in GFR, especially after the age of 

40 (103-105).  
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Acquisition method and post-processing 
Sequence  
No consensus, and great heterogeneity in both acquisition methods and post-

processing methods, characterise the renal DCE-MRI research field. Further, 

standardized criteria to guide optimal selections are lacking, making direct 

comparisons between studies more complicated. Moreover, methodological 

discrepancies make it harder to separate causes and effects (performance) of 

acquisition and post-processing steps. 

In study I-III, pulse sequences parameters and protocol were optimized after the 

theoretical principles of: i) whole kidney and aorta coverage for true 3D-organ 

representation, ii) temporal resolution of < 4 s.(106), during ~ 6 minutes to capture 

appropriate time-scales of both the perfusion and filtration estimates , iii) voxel-size ≤ 

3 mm in any direction (x, y, z) to minimize partial volume effects in either kidney or 

aorta), low FA for efficient contrast-enhancement at chosen Gd-dose, and reduce 

inflow-effects, iiv) and low-Gd dose (weight-based) to avoid non-linear effects at high 

concentrations. In all studies, strong T1-weighting was achieved using the SPGR 

sequence with low TR and TE, using either a Cartesian k-space sampling scheme 

(study I (sequence 1), study II-III), or radial scheme (study I, sequence 2). The radial 

SPGR with k-space weighted image contrast (KWIC) reconstruction was a prototype 

sequence provided by Siemens Healthcare. KWIC-sequence has been recognized as 

suitable for DCE-MRI because a high temporal resolution can be achieved by 

acquiring undersampled data sets while providing unique opportunities for motion 

compensation (51). KWIC-sequence was optimized in a similar way to the 

conventional FLASH sequence. However, unlike the FLASH-sequence, the KWIC-

sequence did not allow parallel imaging limiting flexibility in the optimization 

between scan time and spatial resolution. 
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DCE-MRI sequences were acquired during repeated breath-holds to minimize 

respiratory effects at critical first pass and at regular intervals during filtration phase. 

The design of our protocol was inspired by the SPGR-protocol, first described by Lee 

et al. (43), later used in several studies from the same research group (46, 70, 72, 107). 

The main difference between our sequence and the sequence described by Lee and 

colleagues was our continuous scanning during the whole acquisition time (~6 min). 

Our approach was to sample continuously, while instructing repeated breath-holds in 

first-pass (30 s) and thereafter regularly (15 s) throughout the total scan time. In this 

way, we maintained a steady state of the longitudinal magnetization providing 

consistent MRI signals during the breath-hold intervals. In contrast, Lee et al. scanned 

periodically at free-breathing intervals, following a similar breathing-regime as us. In 

study I, the dynamic breathing volumes were discarded from the time-series using in-

house software, whereas only the breath-holds volumes were analysed. In this way, we 

excluded volumes that were impaired by motion artefacts, potentially introducing 

errors into measured perfusion and filtration parameters. A repeated breath-hold 

technique favours image quality (breath-hold images) rather that equidistant temporal 

resolution, which was an intentional compromise in our acquisition methods (and 

Lee). In the sensitivity analysis (study IV) neither of the two alternatives of including 

all volumes or only breath-holds in pharmacokinetic analyses, were found crucial for 

the agreement between MR-GFR and reference-MRI. However, to exclude potential 

(small) effects from the non-equidistant temporal resolution, full-time dynamic data 

were used as input to the pharmacokinetic analyses in study II-III.  

From the continuous optimization work between study I and study II, small 

adjustments in MR pulse sequence were performed. First, the temporal resolution was 

reduced from 2.8 s to 2.3 s. By this, we assumed a more precise sampling of peak and 

rapid descending arterial signal, and likewise for the renal parenchymal signal. The 

cost was increasing voxel-dimensions from 1.7x1.7x3 mm to 2.2x2.2x3, a trade off we 

assumed having only small effects while using ROI-based methods of the whole renal 

parenchyma. Small voxel-dimensions would be of higher importance using voxel-
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based analysis of functional parameters, where effects from partial volume would 

more dramatically affect the signal-time curves of each voxel. The flip angle was 

increased from 12 to 20° to reduce the inflow-artefact in the aorta. The increased flip 

angle imposes a steady-state of the blood in the proximal aorta, while with lower flip 

angles the aortic blood will retain the longitudinal magnetization longer (36). An 

alternative strategy could be to include the heart in the FOV, however, this would lead 

to increased movement artefacts.  

 

DCE-MRI image processing and modeling 
In our protocol, T1-mapping was performed using FA of 5 and 22 °. In study I, T1-

maps were used to calculate the absolute pre-contrast T1 values in the aorta and the 

renal parenchyma. This approach is the most accurate in DCE-MRI, as it in the first 

step converts DCE-MRI signal intensities to relaxation rates (R1), and in the second 

step utilizes the known linear relation with concentration to derive concentration 

values (34). However, several technical challenges are associated with this method as 

it creates problems of image co-registration and error propagation (34). Therefore, in 

study II-III, conversion from DCE-MRI signal to concentration was based on a 

simpler and more robust signal enhancement approach. This approach is based on the 

assumption that Gd causes a signal change in proportion to its concentration, thus the 

Gd concentration is proportional to the signal enhancement. This approach has been 

implemented in the PMI software, and been found feasible for the quantification of 

renal perfusion and filtration measurements using SPGR sequence (49, 61, 108). For 

accurate functional quantification, the linearity must remain valid also at relaxation 

rates produced by typical peak concentrations in aorta and collecting system. In our 

project, the signal behaviour at different Gd concentrations was not measured. Such 

measurements could have been performed using phantom measurements at increasing 

Gd concentrations. Although phantom-measurements add complexity in image 

acquisition and analysis, the lack of such measurements represents a limitation in this 

project.  
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Our protocol (study I-III) employed measurement of the subject-specific arterial input 

function (AIF). This method is expected to closely approximate the subjects true AIF 

and is a widely used approach in renal DCE-MRI imaging, and is an essential 

component of a fully quantitative method. However, direct measurement of AIF is 

susceptible to several MRI artefacts including inflow effect, partial-volume effect, 

flow pulsation and B1-inhomogeneties (7). On the practical level, operator-

dependency (i.e.AIF-size) and inter-observer variabilities generally are problematic 

(95, 109). To reduce the subjective component, a semi-automatic approach was 

applied in study II-III. In this approach, the maximum signal-enhancement maps were 

used to guide voxel-selections based on upper and lower SI levels within a defined 

anatomical target area (from level of renal arterial branch, and ~ 10 cm below). An 

approach to overcome limits of the subject-specific AIF is to use a population-based 

approach using average measurements for a small group of subjects (110). However, 

such an approach introduces other sources of inaccuracies, and was therefore not used 

in this project.  

The selection of an optimal pharmacokinetic model (PK) for renal DCE-MRI is 

subject to extensive research efforts, and large variations of GFRs obtained from the 

same data are likely caused by differences in the models (107).  The 2CFM applied to 

our data has been found feasible for the quantification of renal perfusion and filtration 

on a regional basis, with good accuracy compared to reference GFR-methods (49, 61, 

94). In our project, all PK-analyses were performed on whole renal parenchymal 

volumes, excluding voxels from the renal pelvis to prevent SI rise in the late wash-out 

phase. Excluding pelvis further reduced potential effects on functional estimates due to 

non-linearity effects at high Gd concentrations. Physiologically, using cortical data for 

GFR estimates seems preferable since GFR predominantly occurs in the cortex. 

However, the cortical concentration contains overlapping features. When the Gd enters 

the tubules at the level of cortex, it passes through the loop of Henle in the renal 

medulla before it re-enters in the cortex. Therefore, the cortical concentration may not 

be a better indicator of filtration compared to the whole renal parenchyma. Although 
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higher GFRs would be expected in the cortex, cortical GFRs has been found lower 

compared to the whole-kidney derived estimates (61, 107).  A theory is that this is 

caused by an altering of the relative contribution between vascular and tubular 

components when including the medulla (107). Compared to a cortex-curve, the 

whole-kidney curve will have a relative lower vascular peak (lower vascular content in 

medulla) and a higher tubular peak (Gd in loops of Henle and collecting ducts). The 

results will therefore be higher GFRs in whole-kidney than in the cortex. In our 

project, differences between models or the effects of cortical versus whole-kidney 

parenchymal masks were not addressed. 

 

5.2 Discussion of results 

 

DCE-MRI derived single kidney perfusion and filtration estimates within 
physiological ranges 
DCE-MRI derived perfusion (Fb) and filtration (Ft) values in our healthy study sample 

(study I and II) were determined within levels that corresponded well with 

physiological reference values. In study I, we found no statistical significant 

differences between different acquisition techniques for Fp and Ft estimates, and no 

clear discrepancies to literature reference values (56, 61, 95, 109). However, the broad 

physiological range in perfusion estimates at this level allows no interpretation of 

findings more than stating the plausible and normal level of the values.  

No statistical significant differences were found between the perfusion estimate (Fb) of 

the remaining kidney of living kidney donors (study III) and the healthy controls 

(sample in study II). However, the mean blood flow of donors’ kidney in units of 

mL/min and GFR was significantly higher than in controls. An increased renal blood 

flow and GFR in the remaining kidney are consistent with a physiological adaption 

after nephrectomy (111).  Discriminating normal blood flow and GFR in a healthy 
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kidney from elevated values in the remaining single kidney after nephrectomy, adds 

confidence that our DCE-MRI method enables quantification of true physiological 

functional parameters in the kidney. Furthermore, this observation indicates that the 

method has a clinical potential for the diagnosis of earcly decline in kidney function.  

The lack of a non-invasive reference method for perfusion measurement hinders the 

determination of accuracy of renal DCE-derived perfusion estimates. For this reason, 

repeatability findings are relevant. As regards MR-derived filtration estimates, the use 

of a clinical reference standard for GFR provides evidence of clinical usefulness. In 

the sections below, we will address the main findings and considerations from those 

two linked aspects are separately. 

 

Overall high repeatability but low intra-individual agreement in SK-
perfusion and GFR estimates. 
Coefficients of variances (CVs) of 21.5% and 16% in SK-perfusion and filtration 

estimates (study II), respectively, correspond well with reported values in previous 

research with CV within ranges of 10-28 % (56, 57, 95). One could claim that these 

variations are within physiological variation. However, a concern is the known 

technique-related and operator-related variability components in DCE-MRI. In our 

repeatability study (study II), perfusion and filtration estimates were determined with 

no statistical significant differences between DCE-MRI scans. However, levels of 

absolute agreement (ICC) emphasized the presence of considerable variability in both 

perfusion (Fb) (ICC =0.344) and filtration estimates (Ft) (ICC = 0.259). In a clinical 

setting, fair/moderate (ICC < 0.4) agreement in intra-individual measurements seven 

days apart would not be acceptable, and measurement errors are possibly higher than 

the real heterogeneity in renal function within the group. 

Only a few previous studies have approached and reported repeatability and/or 

reproducibility in DCE-MRI derived functional estimates. In a similar study setting as 

ours, Cutajar found the following comparable test-retest perfusion values: CV 17%, 
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MD = -0.17 mL/min/100mL), and LoA (2SD) of ~100 mL/min/100mL. They reported 

test-retest GFR measures with CV 15%, MD 0.17 mL/min/100mL and LoA (2SD) of 

~10 ml/min/100mL (95). No strong evidence of high repeatability in DCE-MRI-

derived functional estimates at the intra-individual level exist, and based on our data, 

the challenge is more prominent for perfusion than for filtration estimates. Recent 

published results showed that a higher repeatability in renal blood flow can be 

achieved using arterial spin labelling technique (ASL) compared to DCE-MRI (57). 

Correspondingly, Gillis et al. (101) demonstrated high repeatability (CV 7-9%, 

ICC=0.85) in perfusion estimates using ASL, consistent to findings by others (102, 

112). Comparing alternative MRI-techniques in measurements of perfusion is of 

special relevance due to the lack of a clinical available reference method to assess 

technical performance. In future development of DCE-MRI techniques for reliable 

perfusion estimation, a multimodal approach would be useful.  

 

Total MR-GFR determined with low mean difference, however low 
precision to iohexol-GFR 
In study II (MR1, MR2) and study III, total MR-GFR values were found well within 

physiological ranges of iohexol-GFR measured for healthy subjects and healthy 

donors, respectively. Two features characterized the accuracy when comparing MR-

derived total GFR and iohexol-GFR: i) low mean difference and ii) low precision. For 

most DCE-MRI estimates of total GFR, except for the second scan (MR2) of study II, 

statistical significant Pearson correlations were found for both iohexol-GFR and 

eGFR. Although Pearson r is not considered a good measure of agreement between 

methods, correlations of the same physiological parameter should be high to have a 

clinical value. No clear causes other than random variabilities and influence from 

respiratory motion effects, could explain lack of correlation between MR2-GFR and 

iohexol-GFR in study II. Interestingly, similar Pearson r was found between e-GFR 

and iohexol-GFR in study II and III (r = 0.56, r = 0.78, respectively) as between 

MR1-GFR and iohexol-GFR (r= 0.56, r = 0.75, respectively). This indicates overall 
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clinical usefulness and great potential of DCE-MRI method for GFR-determination. 

No high grad associations (r) between accepted clinical measurement methods (eGFR, 

iohexol-GFR), probably reflect homogeneity in renal function characteristics within 

the group of healthy subjects.  

Compared to previous reported accuracy results, good agreement was found in our 

total MR-GFR estimates in terms of mean differences to iohexol-GFR (45, 46, 49, 93). 

However, our method yielded both weaker associations (r) and lower precision (higher 

LoA) compared to results reported in respective previous studies. In addition, higher 

precision was found for relations between eGFR and iohexol-GFR compared to MR-

GFR and iohexol-GFR. These findings indicate sources of variabilities on the intra-

individual level in our DCE-MRI method, confounding distribution of functional 

estimates. Such irregularities are consistent with findings of moderate absolute 

agreement (ICC) in repeated measurements in study II. Specifically, ICC results in 

study III emphasized high intra-individual variabilities. In the donor study (study 

III), a high r (0.75) between MR-GFR and iohexol-GFR was accompanied with a 

considerable lower ICC (0.49), as compared to proportionate Pearson r (= 0.78) and 

ICC (0.73) values between eGFR and iohexol-GFR. This ranks eGFR as an overall 

more reliable GFR-measurement method of total-GFR than MR-GFR.  

 
Associations between image quality characteristics and accuracy in total-GFR 
estimates compared to iohexol-GFR. 
To the best of my knowledge, no previous published results on relationship between 

DCE-MRI pulse design and accuracy in total-GFR exists. In study I, such significant 

correlation was found, and associated with characteristics in image quality. The KWIC 

sequence gave significant underestimation of total GFR (i.e. larger mean difference) 

and lower precision from iohexol-GFR compared to the FLASH sequence. Along with 

changes in pulse-sequence and post-processing steps from study I to study II and III, 

precision in GFR-estimates slightly increased correspondingly. Nevertheless, precision 
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in GFR-estimates from any of study sessions (study I-III) were outside acceptable 

levels considered useful in clinical practice.  

Our findings of differences in imaging quality characteristics between sequences in 

study I was two-folded. Compared to the FLASH-sequence, the KWIC-sequence was 

statistically more impaired by artefacts but achieved overall superior subjective image 

quality scores. Meanwhile, enhancement ratio was statistically lower in KWIC-

sequence than FLASH-sequence. The visual interpretation of high image quality 

(besides artefacts) may reflect qualities of the radial view sharing technique providing 

images of high contrast/differentiation between tissue types. This appears consistent to 

the “prioritized” and full-sampled central k-space region (determining image contrast), 

at the cost of undersampling (sharing) of peripheral k-space region. However, the 

effects from under-sampling technique on the artefacts and enhancement-ratio 

appeared as a stronger determinant for accuracy of GFR. Assessing multiple 

dimensions of image quality characteristics was therefore useful to explore effects of 

optimization strategy, and to differentiate between variables and relations on 

functional estimates.  

Undersampling of the peripheral k-space is known to produce ringing/streaking 

artefacts, depending on the size of the frequently updated portion of central k-space 

and the extent of undersampling of the periphery. Song et al. (38) emphasized effects 

of undersampling on the post-processing steps, encountering image segmentation, 

visualization and characterization of smaller structures, distortion of enhancement 

curves (especially at rapid changing signals), and accuracy of kinetic modelling 

parameters (38). A combination of those factors could possibly explain discrepancies 

between our KWIC-and FLASH-sequences.  

On a general basis, application of view-sharing techniques, such as the KWIC 

sequence, would probably have a potential for applications in renal DCE-MRI, by 

enabling a superior compromise of temporal and spatial resolutions compared to 
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conventional undersampling techniques. However, to achieve a sufficient image 

quality in KWIC sequence, parallel acquisition technique is probably required.  

 

Signal to gadolinium concentration estimation had high impact on accuracy in 
GFR-measurements.  
Sensitivity analysis of post processing steps (study IV), highlighted the signal to 

concentration estimation as the single most important factor affecting accuracy in 

GFR-measurements. The combination of relative signal enhancement method, breath-

hold volumes and full time series data, yielded highest agreement (ICC = 0.31) values 

and lowest absolute difference values (17.3 mL/min) between MR-GFR and iohexol-

GFR. AIF placement (distal/proximal), segmentation technique (semi-automatic, 

automatic) method and removal of free-breathing volumes from dynamic series, were 

found to have only limited effect on accuracy. Due to methodological differences and 

different analysis platforms (software) between study II and study IV (same subject 

sample), results are not directly comparable. In study IV, similar post-processing 

algorithms as in study III were re-implemented in MATLAB, to isolate factors for a 

systematic evaluation. Despite differences between studies, ICC value of the best 

method combination of study IV was comparable to ICC between MR-GFR and 

iohexol-GFR in study II (ICC = 0.39). This consistency may indicate, however 

inconclusively, that the methods of MR signal to concentration conversion are robust. 

As a reference, the agreement (ICC) between iohexol-GFR and eGFR in study sample 

(study II and IV) was 0.46 with 95% CI of [0.054, 0.74]. Large distribution of ICC-

values, also between clinical GFR reference-methods, indicate issues of sample 

homogeneity and physiological variation as previously outlined in discussion section.  

Other factors than those addressed in sensitivity analysis, will probably play important 

roles in the post processing chain. One such factor is the choice of pharmaco-kinetic 

model (107). Moreover, other implementation strategies of the methods applied in our 

study would also have an impact on the accuracy of GFR estimates. Viewed in a wider 
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perspective, methodological contributions of our study are probably of higher interest 

than the results and outcomes itself. In our study (study IV) we introduced a 

classification tree framework to explore multidimensional data sets to isolate and 

analyse impact of post-processing steps on accuracy. With available clinical reference 

data (i.e. iohexol-GFR), such a framework would provide evidence to guide proper 

data analysis methods.  

 

Differences in donors and healthy subjects single kidney functional 
parameters consistent with adaptive renal response after nephrectomy.  
Our results (study III) demonstrated significantly higher DCE-MRI-derived functional 

and structural values in the single kidney of donors compared to healthy controls. 

Adaptive functional response in donors remaining kidney has previously been 

demonstrated using ASL (113) and diffusion weighted imaging (DWI) (114), 

providing characteristics of perfusion and diffusion respectively. Compared to non-

contrast MRI methods, DCE-MRI provides the joint access to both filtration- and 

perfusion characteristics, enabling the estimates of filtration fraction (FF). FF has been 

proposed as a relevant biomarker in the evaluation of renal kidney donors. Glomerular 

hyperfiltration accompanied with an increase in blood flow would be consistent to a 

healthy functional adaption in donors remaining kidney. Our findings of a similar FF 

in donors and controls, emphasize the potential clinical value of DCE-MRI method.  

One clinical relevant, but often underrated estimate from renal DCE-MRI is the 

functional parenchymal volume. Compared to non-enhanced MRI methods, DCE-MRI 

derived volume estimates mainly reflect the functioning renal parenchyma. Our results 

demonstrated a high correlation between parenchymal volume and non-MRI GFR-

measures of iohexol-GFR and eGFR. These results demonstrated the relevance of 

parenchymal volume as a surrogate measure for renal function, consistent to 

previously published results (115-117). Despite the significant group-wise difference 

in relevant DCE-MRI estimates, results were still affected by imprecisions at the intra-

individual level. This emphasizes the need for further validation of method. 
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Conclusion and implications  
This project has shown that renal DCE-MRI enables quantification of the single 

kidney perfusion and filtration within physiological ranges, with overall good 

repeatability, however with moderate intra-individual agreement. MR-derived total 

GFR-estimates were quantified with good accuracy to reference iohexol-GFR, while 

unsystematic variabilities lowered the precision in functional estimates. Our findings 

emphasized important aspects of the technical and methodological complexity and 

challenges of developing robust quantitative image biomarkers for renal function. In 

our project, all steps from image data acquisition to pharmaco-kinetic modeling were 

linked and approached using multi-disciplinary perspectives. The development and 

quality of the DCE-MRI method was driven and assessed relative to the clinical 

criteria of repeatability and accuracy. To be relevant for clinical application, high 

repeatability and high accuracy of new quantitative image biomarkers must be 

fulfilled. This supports the relevance of using an evaluation framework based on those 

criteria. Our results also emphasize the importance of approaching technical advances 

within a multi-disciplinary perspective, as important technical and methodological 

challenges still need to be solved. In this respect, the need of a systematic tool to 

identify proper technical and methodological strategies is evident. The classification 

tree framework may serve as such a relevant tool. 

Findings in the donor study indicate a potential clinical application in clinical work-up 

and for characterization of early kidney damage in living kidney donors. In previous 

research, the high clinical potential of renal DCE-MRI has been demonstrated on a 

variety of applications of renal diseases. Despite their potential, the DCE-MRI 

perfusion and GFR biomarkers are today underused in research clinical practice. 

Important barriers are lack of standardization of acquisition- and analysis methods, as 

well as the need of in-house expertise to conduct the labour-intensive post-processing. 

By harmonizing acquisition and analysis methods, the set-up of multi-center trials and 

translation of methods into clinical practice would be possible. Future development 

and standardization of renal DCE-MRI method would likely benefit from using 
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reference subjects under controlled conditions and the use of reference method. 

Achieving high technical performance under such conditions could guide the 

continuous development of technique, and provide relevant evidence prior to clinical 

validation studies. In our project, we proposed a framework that could be feasible in 

this continuous work. 
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6. Future perspectives   

Renal DCE-MRI characterize the individual kidney at high spatial detail. Unlike any 

of the other functional MRI techniques, such as diffusion-weighted imaging (DWI), 

arterial spin labelling (ASL) and blood oxygenation-level dependent imaging (BOLD), 

DCE-MRI enables the joint access to both renal perfusion and glomerular filtration 

measurements. Compared to fluid based biomarkers, all of the functional MRI 

techniques have the advantage of characterizing functional processes directly in the 

kidney. Both fluid- and image-biomarkers play an increasing role in developing 

precision medicine and determining the most appropriate therapy of a renal disease 

(3).  

A number of functional parameters can be obtained from the variety of functional 

MRI-techniques, also without the use of exogenous contrast agent. To mention a few, 

is the apparent diffusion coefficient (ADC) from DWI, blood oxygenating level from 

BOLD-imaging, and renal blood flow from ASL imaging. Compared to DCE-MRI, 

non-contrast enhanced techniques would be preferable for the use in patients with 

severe decline in renal function due to NSF issue. However, the use of exogenous 

tracer to characterize renal clearance and distribution characteristics would be of 

clinical interest for a number of renal diseases, such as renal artery stenosis and for the 

differentiation of sub-types of renal tumors. To utilize the flexibility of functional MRI 

fully, the composition of multi-parametric MRI protocols enabling multi-parametric 

functional analysis would probably provide a unique clinical value compared to each 

method separately.  

Compared to nuclear medicine and serum biomarkers, imaging biomarkers enable the 

characterization of functional heterogeneity in kidney tissue. Functional MRI 

techniques have the potential capacity to characterize regional kidney damage 

preceding organ dysfunction, e.g. characterizing of contrasting damage in outer and 

inner cortex. To utilize the level of spatial details in the functional MRI techniques, 

quantitative information should optimally be voxel-based. This requires a voxel-by-
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voxel analysis approach, tracing SI in each voxel across all time points. Such 

technique is computationally intense, are more susceptible to mis-registration errors, 

and signal noise compared to segmentation-based methods (31).  However, future of 

MRI technology will probably overcome these challenges, and lead to improvements 

in the performance of functional techniques at both macro- and microstructure level.  
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image contrast and quality and can partially 
explain some irreproducibility in DCE-MRI 
studies [5].

An optimal MR renography acquisition 
technique involves finding a good compro-
mise between whole-kidney coverage (i.e., 
3D imaging), spatial and temporal resolu-
tion, and contrast resolution [6–8]. For dy-
namic renal studies, the two most relevant 
sampling schemes are a conventional car-
tesian scheme, covering k-space with a reg-
ularly spaced grid, and a radial scheme, 
whereby k-space data are acquired along co-
inciding projections [6]. Radial schemes can 
improve the quality of image data compared 
with conventional schemes by allowing more 
rapid sampling and being less affected by 
motion due to repetitive sampling of the cen-
tral k-space region [9]. However, in rapid ac-
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I
n dynamic contrast-enhanced 
(DCE) MR renography, accurate 
quantification of renal functional 
parameters requires a high-quali-

ty image acquisition technique and proper 
postprocessing. Although realistic normal 
values for renal function derived from MR re-
nography have been reported [1], the method 
has been questioned because of a lack of doc-
umentation of accuracy and reproducibility 
compared with a reference standard method 
[2–4]. The origin of potential irreproducibili-
ty between functional parameters could lie 
anywhere in the pipeline, from data acquisi-
tion and motion correction to analysis.

A lack of consensus and great heterogene-
ity in terms of acquisition strategy character-
ize the MR renography research field [5–7]. 
The MR sequence parameters influence both 
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OBJECTIVE. The purpose of this article is to compare two 3D dynamic contrast-en-
hanced (DCE) MRI measurement techniques for MR renography, a radial k-space weighted 
image contrast (KWIC) sequence and a cartesian FLASH sequence, in terms of intrasubject 
differences in estimates of renal functional parameters and image quality characteristics.

SUBJECTS AND METHODS. Ten healthy volunteers underwent repeated breath-hold 
KWIC and FLASH sequence examinations with temporal resolutions of 2.5 and 2.8 seconds, 
respectively. A two-compartment model was used to estimate MRI-derived perfusion param-
eters and glomerular filtration rate (GFR). The latter was compared with the iohexol GFR and 
the estimated GFR. Image quality was assessed using a visual grading characteristic analysis 
of relevant image quality criteria and signal-to-noise ratio calculations.

RESULTS. Perfusion estimates from FLASH were closer to literature reference values 
than were the KWIC sequences. In relation to the iohexol GFR (mean [± SD], 103 ± 11 mL/
min/1.73 m2), KWIC produced significant underestimations and larger bias in GFR values 
(mean, 70 ± 30 mL/min/1.73 m2; bias = −33.2 mL/min/1.73 m2) compared with the FLASH 
GFR (110 ± 29 mL/min/1.73 m2; bias = 6.4 mL/min/1.73 m2). KWIC was statistically signifi-
cantly (p < 0.005) more impaired by artifacts than was FLASH (AUC = 0.18). The average 
signal-enhancement ratio (delta ratio) in the cortex was significantly lower for KWIC (delta 
ratio = 0.99) than for FLASH (delta ratio = 1.40). Other visually graded image quality charac-
teristics and signal-to-noise ratio measurements were not statistically significantly different.

CONCLUSION. Using the same postprocessing scheme and pharmacokinetic model, 
FLASH produced more accurate perfusion and filtration parameters than did KWIC com-
pared with clinical reference methods. Our data suggest an apparent relationship between 
image quality characteristics and the degree of stability in the numeric model-based renal 
function estimates.

Eikefjord et al.
Renal 3D DCE-MRI Using FLASH and KWIC
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quisition techniques, the image quality can 
be impaired by different artifacts, potential-
ly affecting data analysis and the shape of 
enhancement curves [7].

In this study, we optimized two 3D 
spoiled gradient-recalled echo (SPGR) 
pulse sequences: a radial k-space sampling 
technique with k-space weighted image 
contrast (KWIC) reconstruction, and a con-
ventional cartesian phase-encoding FLASH 
sequence. The use of radial sequences has 
been shown to be feasible in several DCE-
MRI studies of abdominal organs and the 
chest [7, 9–12]. The FLASH sequence has 
been used in MR renography studies by Bo-
kacheva et al. [13] and Lee et al. [14]. Both 
acquisition techniques were adapted on our 
1.5-T MRI scanner used in routine clini-
cal procedures and were analyzed using the 
same postprocessing scheme.

The purpose of this study was to com-
pare the radial (KWIC) and conventional 
(FLASH) 3D SPGR sequences with respect to 
the estimation of renal functional parameters 
and image quality characteristics in a sample 
of healthy volunteers without renal disease.

Subjects and Methods
Subjects

After institutional review board approval of 
the protocol and receipt of informed consent, 10 
healthy volunteers (four men and six women; age 
range, 21–27 years; mean [± SD] age, 23.5 ± 3.5 
years), were included in the study. All subjects met 
the requirements of the local MRI safety checklist 
before scanning. Within a span of 10 days, each 
volunteer was examined by two blood tests, esti-
mated glomerular filtration rate (GFR) from se-
rum creatinine using the simplified Modification 
of Diet in Renal Disease equation [15] and iohex-
ol GFR [16], and each of the two DCE-MRI se-
quences (7 days apart). Estimated GFR measure-
ments were performed before MRI examinations, 
and iohexol GFR measurements were performed 
between the two MRI studies.

To minimize day-to-day variations in serum 
creatinine levels, the participants were asked to 
lightly modify their diet, remain well hydrated, 
and avoid strong physical effort the last 2 days be-
fore the MRI scanning and blood tests. The par-
ticipants were asked to copy their own regimen 
before each session. The erythrocyte volume frac-
tion was also estimated from blood tests. Iohexol 
GFR measurements were performed by injecting 
5.0 mL of iohexol (300 mg I/mL; Omnipaque 300, 
GE Healthcare). This was followed by a venous 
blood sample obtained after 4 hours. The iohexol 
concentration was analyzed using the single-point 

method (high-performance liquid chromatogra-
phy analysis) and was calculated using methods 
described by Jacobsson [17].

None of the study subjects used medication or 
had a history of renal, hypertensive, or vascular 
disease, and they had normal levels of serum cre-
atinine (51–87 μmol/L). The average body mass 
index (weight in kilograms divided by the square 
of height in meters) was 23.4 ± 2.45.

MRI
MRI examinations (n = 20) were performed on 

a 32-channel 1.5-T whole-body scanner (Magne-
tom Avanto, Siemens Healthcare) with a gradient 
strength of 45 mT/m and a slew rate of 200 mT/m/
ms. One standard six-channel body matrix coil 
and table-mounted six-channel spine matrix coil 
were used for signal reception, for a total of 12 in-
dependent receiver elements.

The radial SPGR (KWIC) was a prototype se-
quence provided by Siemens Healthcare. The pa-
rameters of the KWIC sequence were optimized in 
a similar way to FLASH to best meet the theoret-
ic requirements for an optimal MR renography se-
quence. FLASH parameters were as follows: TR/
TE, 2.41/0.87; flip angle, 12°; bandwidth, 651 Hz/
pixel; matrix, 1.66 × 1.66 mm; slice thickness, 3 
mm; and time resolution, 2.8 seconds. KWIC pa-
rameters were as follows: TR/TE, 3.51/1.61; flip an-
gle, 10°; bandwidth, 504 Hz/pixel; matrix, 160 × 160 
mm; slice thickness, 3 mm; and time resolution, 2.5 
seconds. Thus, it was mainly the acquisition scheme 
(how the data were sampled in k-space) that differed 
between the two measurement techniques (i.e., a car-
tesian and radial scheme, respectively).

Both sequences were run continuously, and 
baseline volumes were acquired before contrast 
agent injection. The FLASH sequence was run 
with a parallel imaging factor of 3. Despite the 
present radial KWIC sequence not allowing any 
parallel imaging, running the sequence with 148 
projection views and view sharing in four sub-
frames yielded temporal and spatial resolution 
close to that of the FLASH sequence.

The volunteers were instructed by listening to 
a CD player to hold their breath at predefined in-
tervals during continuous DCE scanning. Volumes 
within the corresponding free-breathing intervals 
were retrospectively and objectively discarded from 
the image-time series using in-house software. In 
total, 56 (initially 156 volumes) and 55 (initially 
134 volumes) breath-hold volumes were kept and 
analyzed for KWIC and FLASH, respectively.

A contrast media bolus of 0.025 mmol/kg (0.05 
mL/kg) of gadoterate meglumine (Dotarem, Guer-
bet) was injected at 3 mL/s through a 20-gauge 
needle placed in an antecubital vein using an au-
tomated power injector (Optistar, Mallinckrodt), 

followed by a 20-mL saline flush. Throughout the 
examination, the volunteers were provided with 1 
L of oxygen through a nasal cannula. Two seconds 
after injection of the contrast agent, the volunteers 
were instructed to hold their breath for 26 and 20 
seconds for motion-free FLASH and KWIC imag-
ing of first-pass perfusion, respectively.

The order of FLASH or KWIC for each subject 
was randomized (50/50) to avoid any systematic 
learning effect of breathing technique or sequen-
tial adaption to the MRI examination procedure 
that could potentially favor either of the two se-
quences. All MRI examinations and blood tests 
were successfully acquired and analyzed.

MR Image Postprocessing
A nonparametric automated registration method 

with normalized gradients as a cost function was 
used for kidney motion correction [18, 19]. Brief-
ly, we applied the Navier-Lamé operator as regu-
larizer, fixing the first and the second Lamé pa-
rameters to 5. Optimization of the corresponding 
nonlinear system was accomplished by fixed-point 
iterations, in combination with Jacobi iterations for 
the inner linear system. An automated regularized 
segmentation technique was used to estimate total 
kidney volumes [20]. This segmentation approach 
was based on Mahalanobis distance measurements 
from an unclassified voxel to a manually delineat-
ed mask, roughly defining kidney and background. 
The regularization was accomplished by minimiz-
ing the nonlocal total variation, allowing some lev-
el of irregular shapes of masks.

Tissue relaxivity values were estimated by a vox-
elwise linear fit to the steady-state signal amplitude 
equation for given values of the flip angle [21]. At 
each MRI session, the variable flip angle signal in-
tensities were acquired using two 3D FLASH acqui-
sitions identical to the dynamic 3D FLASH, with a 
TR of 20 ms and flip angles of 5° and 22°, respec-
tively. The flip angle acquisitions were retrospective-
ly coregistered with the 3D DCE-MRI recordings. 
The gadolinium concentration time course was esti-
mated from the linear relations between signal inten-
sity, relaxation rate, and relaxivity that are valid for 
low concentrations of gadolinium [22, 23]. For the 
calculation of perfusion and GFR values, we used a 
two-compartment model [24, 25].

Perfusion and Filtration Data Analyses
An ROI-based two-compartment model, as de-

scribed by Sourbron et al. [24] and implemented in 
Matlab software (version R2014a, MathWorks), was 
used to calculate plasma flow, plasma volume, plas-
ma mean transit time, tubular flow, and tubular mean 
transit time. All measurements were corrected for 
the subjects’ measured erythrocyte volume fraction 
values. The total GFR was calculated from tubular 
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Renal 3D DCE-MRI Using FLASH and KWIC

flow in the whole-kidney ROI, multiplied by whole-
kidney volume, and summed for both kidneys. ROIs 
for the arterial input function (AIF) were placed in 
the distal part of the aorta to avoid the remaining ef-
fects from inflow artifacts observed more proximal-
ly in the aorta. Illustrations of AIF and whole-kidney 
masks and corresponding signal and concentration 
time courses are provided in Figure 1.

Visual Image Quality Assessment
Four experienced (> 10 years of experience) ab-

dominal radiologists performed, independently and 
blinded, a visual grading characteristics analysis of 
19 image quality parameters. In the visual grading 
characteristic analysis, the observers were asked to 
rate their opinion on the reproduction or visibility of 
certain structures and dynamics on a 5-point scale. 
For grading of the anatomic reproduction, the fol-
lowing criteria were used: 1, uninterpretable (severe 
blurring or severe nonhomogeneity); 2, poor (sub-
stantial blurring or substantial nonhomogeneity); 3, 
fair (moderate blurring or moderate homogeneity); 
4, good (minor blurring or good homogeneity); and 
5, very good (sharp or very good homogeneity). The 
criteria for the presence of artifacts were as follows: 
1, uninterpretable (because of artifacts); 2, substan-
tial artifacts; 3, moderate artifacts; 4, minor arti-
facts; and 5, no artifacts. Overall image quality char-
acteristics were rated as follows: 1, uninterpretable 
(nondiagnostic); 2, poor (nondiagnostic); 3, fair (di-
agnostic); 4, good (diagnostic); and 5, very good (di-
agnostic). The ratings were further analyzed in a 
manner similar to the methods used in an ROC anal-
ysis, yielding visual grading characteristic-curves 
and AUC statistics [26]. All observer analyses and 
rating were performed electronically using View-
DEX, open-source software that was developed for 
observer performance studies [27].

The image quality parameters were formulated 
to capture the image quality challenges in MR re-
nography. The image quality parameters were cate-
gorized into four groups: group 1, sharp and homo-
geneous reproduction of juxtarenal aorta and distal 
aorta in unenhanced and contrast-enhanced im-
ages (four parameters); group 2, sharp and homo-
geneous reproduction of renal cortex and medulla 
in the unenhanced volumes and the corticomedul-
lary differentiation in the contrast-enhanced imag-
es (three parameters in total; sharpness was defined 
as the degree of blurring in the contours of the rel-
evant structures, and homogeneity was defined as 
the degree of regular, even, or smooth distribution 
of intensity values within the relevant structure); 
group 3, the presence of artifacts such as inflow, 
motion, susceptibility, chemical shift, streaking, 
and in-folding (eight parameters; the severity of ar-
tifacts was rated with regard to their influence on 
image interpretation of renal structures); and group 

4, overall image quality characteristics (four pa-
rameters, relating to the observers’ general impres-
sion of image quality with respect to noise, renal 
contrast-enhancement dynamics, visualization of 
renal pelvis, and overall image quality).

Signal-to-Noise Ratio Measurements
Signal-to-noise ratio (SNR) measurements 

were performed using the difference method de-

scribed by Dietrich et al. [28] on coregistered im-
ages. The SNR difference method removes the 
problem of inhomogeneous distribution of noise 
with parallel imaging and is also valid in dynam-
ic imaging [29]. The SNR difference method is 
based on the assumption of a gaussian noise distri-
bution (SD) within an ROI in the difference image 
when the ROI is positioned in tissue with a suffi-
ciently high SNR [28]. This assumption appears 

Fig. 1—22-year-old woman. Placement of arterial input function (AIF, red areas) (top left) and whole-kidney 
mask (top right) in selected midcoronal slices is shown. Corresponding signal intensity (middle panels) and 
concentration time courses (bottom panels) are also shown. KWIC = k-space weighted image contrast.
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to be valid also for our view-sharing data. In this 
setting, the SNR was calculated with respect to 
aligned ROIs in the two input images as follows:

SNR = 
1
2
msum
sdiff

where, msum is the mean value within the ROI of 
the pixelwise summed signal intensities in the in-
put images, and Sdiff is the SD within the ROI of 
the signal difference between the two input images.

SNR was calculated in both the unenhanced 
(baseline) and maximum contrast-enhanced (peak) 
renal cortex and aorta. Two baseline images were 
selected from the midcoronal organ plane, one af-
ter signal saturation and the other before the arrival 
of the contrast agent. ROIs were drawn in the renal 
cortex and in the aorta and were copied to their re-
spective difference image and the summed image. 
The SD of the renal cortex ROI and aorta ROI from 
the difference images were used as image noise. 
The mean signal intensity in each ROI was corre-
spondingly used as the image signal for baseline 
cortex and aorta. For the peak SNR calculations, 
the same ROIs and methods were applied to the two 
images at maximum enhancement in the renal cor-
tex and aorta, respectively.

The delta ratio between the baseline SNR 
(SNRbaseline) and the peak SNR (SNRpeak) of the 
aorta and the renal cortex was further computed 
as follows: delta ratio = (SNRpeak − SNRbaseline) / 
SNRbaseline, as described by Michaely et al. [29] 
to compare the relative contrast enhancement be-
tween the two MR sequences.

Statistical Analyses
Statistical analyses were performed in SPSS (ver-

sion 21, IBM), Excel (version 2010, Microsoft), and R 
software (version 3.0.3, The R Foundation for Statis-
tical Computing). The intersequence correlation and 
differences in perfusion estimates were analyzed us-
ing Pearson correlation coefficient and paired-sam-
ple Student t tests, respectively. Scatterplot matrixes 
and Bland-Altman plots were generated to graphi-
cally visualize the variation and the agreement of 
the GFR values obtained using MR methods with 
clinical reference methods. To test for systematic 
differences in the GFR values between sequences, 
a paired Student t test was performed. To compare 
image quality, analyses were performed of the visual 
grading characteristics and the corresponding AUC 
statistics. SNR measurements were computed using 
NordicICE (version 2.3.13, NordicLabs).

Results
Quantitative Perfusion and 
Filtration Parameters

The sequence-specific (FLASH and KWIC) 
perfusion and filtration parameters—plasma 

TABLE 1: Estimates of Perfusion and Filtration Parameters Using FLASH and 
K-Space Weighted Image Contrast (KWIC) Sequences Based on 
Whole-Kidney ROI and Two-Compartment Model and Reference 
Literature Values From Kidneys Using the Same Pharmacokinetic 
Model

Parameter FLASH KWIC Reference Literature Valuesa

Plasma flow (mL/100 mL/min) 224 ± 56 198 ± 56 229 ± 57

Plasma volume (mL/100 mL) 28 ± 12 36 ± 20 24 ± 3.4

Tubular flow (mL/100 mL/min) 35 ± 10b 30 ± 15b 31 ± 7.1

Plasma mean transit time (s) 7.4 ± 2.5 11.4 ± 4.3 6.5 ± 1.3

Tubular mean transit time (s) 118 ± 38 145 ± 47 125 ± 55

Volume of whole-kidney ROI (mL) 341 ± 65 269 ± 82

Note—Data are mean ± SD. 
aReference literature values are from Sourbron et al. [24].
bStatistically significant correlation ( = 0.7; p < 0.05) between sequences.

TABLE 2: Total Glomerular Filtration Rate (GFR) Values Estimated From 
Iohexol Clearance (Iohexol GFR), Creatinine Clearance (Estimated 
GFR), and the MRI Sequences FLASH and K-Space Weighted  
Image Contrast (KWIC) for 10 Healthy Volunteers

Subject No.
Iohexol GFR (mL/

min/1.73 m2)a
Estimated GFR (mL/

min/1.73 m2)b
FLASH GFR (mL/

min/1.73 m2)c
KWIC GFR (mL/

min/1.73 m2)d

1 106 101 88 49

2 105 101 89 47

3 99 83 83 34

4 110 112 136 113

5 92 127 114 88

6 124 133 136 80

7 102 93 153 87

8 85 99 78 25

9 109 103 139 112

10 102 102 82 67
aMean (± SD), minimum, median, and maximum values are 103 ± 11, 85, 104, and 124 mL/min/1.73 m2, respectively.
bMean (± SD), minimum, median, and maximum values are 105 ± 15, 83, 102 and 133 mL/min/1.73 m2, respectively.
cMean (± SD), minimum, median, and maximum values are 110 ± 29, 78, 102, and 153 mL/min/1.73 m2, respectively.
dMean (± SD), minimum, median, and maximum values are 70 ± 31, 25, 74, and 113 mL/min/1.73 m2, respectively.

TABLE 3: Visual Image Quality Score (1–5) for Each Group of Image Quality 
Criteria and the Corresponding AUC, Showing a Difference Index 
Between FLASH and K-Space Weighted Image Contrast (KWIC) 
Sequences

Parameter

Visual Image Quality Score, Mean ± SD Difference Index

FLASH KWIC AUC (95% CI) p

Reproduction of aorta with or 
without gadolinium enhancementa

3.0 ± 1.3 2.9 ± 1.0 0.49 (0.3–0.7) 0.91

Reproduction of corticomedullary 
differentiationb

2.5 ± 1.2 2.9 ± 1.1 0.71 (0.5–0.9) 0.05

Presence of artifactsc 4.1 ± 0.8 3.8 ± 0.9 0.18 (0.06–0.3) 0.0004d

Overall image qualitye 2.9 ± 0.5 3.2 ± 0.5 0.71 (0.5–0.9) 0.05
aGroup 1: criteria 1–4.
bGroup 2: criteria 5–7. 
cGroup 3: criteria 8–15. 
dStatistically significant at p < 0.005.
eGroup 4: criteria 16–19.
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flow, plasma volume, plasma mean transit time, 
tubular flow, and tubular mean transit time—
are shown in Table 1. The differences in mea-
surements were not statistically significant be-
tween the FLASH and KWIC sequences using 
a paired-sample Student t test. Generally, the 
renal perfusion parameters estimated from 
the FLASH sequence were closer to the refer-
ence literature values [24] than those estimated 
from the KWIC sequence. Among the physi-
ologic parameters obtained, only tubular flow 
correlated statistically significantly ( = 0.7; 
p < 0.05) between sequences using a Pearson 
correlation coefficient.

The total GFR values estimated from the 
FLASH and KWIC MRI sequences and from 
blood samples (i.e., iohexol GFR and estimat-
ed GFR) are shown in Table 2. The mean dif-
ferences between iohexol GFR and estimated 
GFR, FLASH GFR, and KWIC GFR were 2.0 
(1%), 6.4 (6%), and 33.2 (−33%) mL/min/1.73 
m2, respectively. The mean difference between 
FLASH GFR and KWIC GFR was 40 mL/
min/1.73 m2, which is statistically significant 
(p < 0.001) using a paired Student t test. We 
found substantially larger SD for FLASH GFR 
(SD, 29) and KWIC GFR (SD, 31) compared 
with both iohexol GFR (SD, 10.5) and estimat-
ed GFR (SD, 15.0), yielding a larger variation 
in GFR estimates using the MRI methods. The 
scatterplot matrix in Figure 2 graphically illus-
trates the pairwise relationship of GFR values. 
Comparing each of the four methods to each 
other, KWIC GFR showed the largest devia-
tion from the reference standard iohexol GFR. 
The agreement of the different GFR estimates 
with the GFR of the reference standard—that 
is, (MGFR − iohexol GFR) versus (MGFR + io-
hexol GFR) / 2, where MGFR = estimated GFR, 
FLASH GFR, and KWIC GFR—is presented 
in the Bland-Altman plot in Figure 3.

Image Quality Assessment
An illustration of the visual appearance 

of image quality in each of the two sequenc-
es is provided in Figure 4. The visual grad-
ing characteristics analysis showed a small 
groupwise difference in the mean image qual-
ity scores, as shown in Table 3. Despite this, 
difference indexes from visual grading char-
acteristic (AUC) statistics showed a statisti-
cally significant higher overall presence of ar-
tifacts (group 3, eight criteria) in the KWIC 
sequence than in the FLASH sequence. Of the 
eight assessment criteria assessing artifacts, 
chemical shift at renal poles and at lateral and 
medial contours showed statistically signifi-
cant (p < 0.005) differences favoring FLASH, 

with AUC values of 0.26 and 0.17, respective-
ly. The presence of streaking artifacts and 
inflow artifacts in the aorta was more pro-
nounced for KWIC than for the FLASH se-

quence, with AUC values of 0.36 and 0.30, 
respectively. Other artifact criteria, such as 
motion, susceptibility, and infolding, yielded 
similar scores for the two MRI sequences.

Fig. 2—Distribution of glomerular filtration rate (GFR) values derived from MR sequences: FLASH, k-space 
weighted image contrast (KWIC), iohexol clearance (iohexol GFR), and creatinine clearance (estimated GFR). 
Scatterplot matrix compares one method to another for all combinations of four measurement methods in sample 
(n = 10). Blue lines denote linear least-squares regression line, with standard errors in shaded gray. Dotted 
black lines denote equality (i.e., complete agreement between two methods). Plots on diagonal depict smooth 
approximation of empirical probability density distribution of GFR values obtained using each of four methods.

TABLE 4: Quantitative Signal-to-Noise Ratio (SNR) Measurements and  
Contrast Enhancement Delta Ratios for FLASH and K-Space 
Weighted Image Contrast (KWIC) Sequences

Parameter FLASH KWIC p

Baseline SNR cortex 5.56 ± 1.41 4.39 ± 1.14 0.14

Peak SNR cortex 11.85 ± 2.60 9.25 ± 4.44 0.17

Baseline SNR aorta 6.94 ± 2.93 5.94 ± 5.55 0.70

Peak SNR aorta 14.44 ± 3.05 11.45 ± 7.40 0.24

Delta ratio SNR cortex 1.32 ± 0.91 1.19 ± 1.03 0.63

Delta ratio SNR aorta 1.43 ± 0.93 1.64 ± 1.27 0.76

Delta ratio signal intensity cortex 1.40 ± 0.24 0.99 ± 0.20 0.001a

Delta ratio signal intensity aorta 1.51 ± 0.63 1.48 ± 0.59 0.92

Note—Data are mean ± SD estimated values from ROIs drawn in cortex and distal aorta for 10 volunteers.
aStatistically significant difference at p < 0.005 using a paired-sample Student t test.
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The four observers rated (mean scores) 
the corticomedullary differentiation and 
overall image quality in the KWIC sequenc-
es slightly higher than in the FLASH se-
quences. These differences were not statisti-
cally significant, for groups or single criteria.

SNR measurements are presented in Table 
4. Overall, FLASH provided slightly better, 
but not statistically significant, mean SNR val-
ues than KWIC in both the baseline and en-
hanced (peak) aorta and cortex. Corresponding 
SDs were approximately doubled in the KWIC 
sequence compared with FLASH, except for 
baseline SNR in the cortex, where the SD was 
slightly lower for KWIC than for FLASH. A 
high level of fluctuating signal intensity in the 
aorta (AIF) in the KWIC sequence (i.e., higher 
signal intensity SD) is illustrated in Figure 1 by 
the irregular signal intensity and concentration 
time courses after the first pass.

Enhancement ratios measured by the delta 
ratio between baselines and peak SNR in the 
aorta and the cortex, respectively, showed small 
and not statistically significant differences be-
tween the two sequences. Enhancement ratios 
based on signal intensity values were also in-
significant in the cortex, despite the statistical-
ly significantly higher delta ratio value of 1.40 
(76.3 ± 6 vs 182.5 ± 18.0 AU) in the FLASH 
sequence, compared with 0.99 (126.1 ± 16.8 vs 
250.0 ± 40 AU) in the KWIC sequence.

Discussion
In this study, we used a comprehensive 

framework for the assessment of perfusion 

and GFR measurement in the human kidney 
with DCE-MRI. Our results showed consis-
tent intrasubject variation in perfusion and 
GFR estimates between the FLASH and 
KWIC sequences. Using iohexol GFR as 
the reference standard and estimated GFR 
as a reference for MRI-derived GFR values, 
KWIC underestimated and produced highly 
diverging values compared with the FLASH 
sequence. The inaccuracies in function-
al renal estimates derived from the KWIC 
sequence appeared to correspond to the 
assessed lower level of image quality char-
acteristics of the sequence. To our knowl-
edge, intrasubject agreement in perfusion 
and GFR estimates between different acqui-
sition techniques compared with a reference 
standard method has not been studied before.

Whole-organ coverage (i.e., 3D imaging) 
is essential for DCE-MRI-based estimation 
of kidney GFR, as well as spatial and con-
trast resolution that can distinguish between 
the cortex and the medulla. With regard to 
temporal resolution, Michaely et al. [30] sug-
gest measurements every 4 seconds, with a to-
tal acquisition time of 4 minutes, to obtain a 
reliable measurement of both the kidney per-
fusion and filtration parameters. However, ac-
curate determination of rapidly changing sig-
nal intensities, such as the first-pass peak of 
the arterial input function, might require fast-
er sampling [31]. With our injection protocol, 
the full width at half maximum of the first-
pass peak is approximately 5–10 seconds. A 
temporal resolution of 3 seconds or better per 

volume would allow the determination of the 
maximum signal intensity of the first-pass 
peak. These requirements rule out all avail-
able 2D techniques. The 3D FLASH sequence 
has been shown [32, 33] to meet these criteria, 
while yielding image quality that is sufficient 
to calculate perfusion and filtration parame-
ters. Variations of the 3D FLASH sequence to 
obtain better temporal resolution usually in-
volve techniques such as parallel imaging or 
view-sharing techniques. Time-resolved im-
aging with stochastic trajectories [32, 33] has 
been proposed for renal imaging [7]. How-
ever, organ movement tends to invalidate the 
peripheral k-space until the full k-space has 
been resampled. Frequent and unpredictable 
kidney movements therefore make the time-
resolved imaging with stochastic trajectories 
sequence difficult to implement. Although 
both time-resolved imaging with stochastic 
trajectories and KWIC are view-sharing tech-
niques, the radial sampling of KWIC is ex-
pected to be more motion resistant.

The k-space sampling technique of KWIC 
produces images with frequent updating of 
the central k-space and undersampling of the 
peripheral k-space [9]. Thus, there is a trade-
off between sufficient temporal resolution, 
high SNR, and suppression of streaking ar-
tifacts, and the number of projection views 
to be shared in the peripheral k-spaces [9, 11, 
34]. In our study, the number of projection 
views in the KWIC sequence was optimized 
to 148, producing temporal and spatial reso-
lutions comparable to those of the FLASH 
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Fig. 3—Bland-Altman plots of agreement. 
A–C, Plots show agreement between iohexol glomerular filtration rate (GFR) (reference standard) and estimated GFR (A) FLASH GFR (B), and k-space weighted image 
contrast (KWIC) GFR (C). Purple line represents estimated bias (i.e., mean difference), where zero-bias line is in black. Orange solid lines denote mean difference ± 2 
SD limits of agreement, and dotted orange lines represent outer limit for 95% CI of 2 and −2 SD lines. Bias and mean difference (2 ) were 2.0 and 28.9 mL/min/1.73 m2, 
respectively, for estimated GFR; 6.4 and 50.2 mL/min/1.73 m2, respectively, for FLASH GFR; and 33.2 and 55.1 mL/min/1.73 m2, respectively, for KWIC GFR.
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Fig. 4—Visual appearance of image quality in FLASH and k-space weighted image contrast (KWIC) sequences. Dynamic contrast-enhanced time series of KWIC 
and FLASH sequences in same subject are shown at time points of baseline, signal intensity (SI) peak in cortex, at ≈ 30 seconds, and ≈ 300 seconds after injection of 
gadoterate meglumine.

sequence. The temporal resolutions obtained 
for FLASH and KWIC were 2.8 and 2.5 
seconds, respectively. The KWIC sequence 
has previously been studied for DCE per-
fusion imaging using 256 projection views 
at a temporal resolution of 4.1 seconds and 
has been compared with a conventional sam-
pled SPGR sequence [9]. Although Kim et 
al. [9] used a higher number of projection 
views, their qualitative image analyses in-
dicated lower ratings for most image quali-
ty characteristics and no differences in SNR, 
which is consistent with the results of our 
study. Moreover, Song et al. [7] emphasize 
the risk of distorting enhancement curves 
as a result of undersampling peripheral k-
space regions, especially during first-pass 
perfusion, when the signal intensity rapidly 
changes. However, the effect of the reduced 
enhancement ratios in the KWIC sequence 
on the estimation of GFR and perfusion pa-
rameters has not been investigated further.

The qualitative ratings of image quality in 
our study emphasized in particular the differ-
ences between KWIC and FLASH in terms of 
image degradation resulting from artifacts, in-

cluding chemical shift at renal poles and later-
al and medial contours, and streaking artifacts.

Chemical shift artifacts might be attrib-
uted to the TE selection in KWIC (1.61 ms) 
producing a higher proportion of fat and wa-
ter out of phase compared with TE in FLASH 
(0.87 ms). Consequently, the corresponding 
cancelled signals from voxels around kidney 
contours could probably reduce the propor-
tion of cortex within the whole-kidney mask. 
In our study, the automatically segment-
ed kidney masks from the KWIC sequence 
were found to be statistically significantly 
smaller (mean, 269 ± 78 mL) than kidney 
masks derived from the FLASH sequence 
(mean, 341 ± 62 mL). Because of technical 
constraints, the KWIC sequence did not al-
low parallel imaging as used for the FLASH 
sequence. A study combining KWIC with 
parallel imaging has recently been published 
[35], enabling shorter TEs that probably re-
duce impairment from chemical shift.

In general, the lack of a reference standard 
method makes the validation of perfusion pa-
rameters difficult. In our study, FLASH-de-
rived perfusion parameters showed slight-

ly higher agreement with reference literature 
values than the KWIC-derived parameters 
(Table 1). Although both sequences apparent-
ly yielded plausible perfusion values, the only 
parameter showing a high degree of agree-
ment between FLASH and KWIC was the 
tubular flow. In the two-compartment model 
that was used, tubular flow is the filtration unit 
expressing GFR when multiplied by the renal 
volume ROI [24]. The tubular flow agree-
ment in FLASH and KWIC before applying 
the volume factor could indicate that the GFR 
discrepancy between FLASH and KWIC is 
caused by segmentation differences due to 
different signal and contrast properties.

According to Sourbron et al. [24], measure-
ments of GFR from the whole-kidney mask 
produce less-accurate GFR estimates than us-
ing the cortical region alone because glomeru-
lar filtration is a cortical process. With regard 
to blood perfusion, estimates derived from a 
whole-kidney ROI will reflect the combina-
tion of perfusion rates in the cortex and me-
dulla. In normal kidneys, the cortex is perfused 
(blood flow) at approximately 400–500 mL/
min/100 g, whereas the medulla is less per-
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fused (  100–150 mL/min/100 g) [4]. With the 
use of whole-kidney masks, a general underes-
timation (lower average) of both GFR and per-
fusion parameters could therefore be expected.

Methodologic imprecision in reference stan-
dard measurements, as well as biologic varia-
tion, must be taken into consideration when re-
peated measurements of GFR are compared. In 
healthy subjects, the total variation in repeated 
measurements of iohexol clearance is about 
11%, which is mainly accounted for by bio-
logic variation [16]. In our study, the discrep-
ancy in KWIC GFR estimates compared with 
the zero-bias line of iohexol GFR was, at maxi-
mum, about 70 mL/min/1.73 m2 (  75%) (see 
Table 1 and the Bland-Altman plot in Fig. 3). 
The discrepancy seemed to be higher for lower 
GFR values (> 102 mL/min/1.73 m2). For the 
two subjects with iohexol GFR values greater 
than 110 mL/min/1.73 m2, the agreement with 
KWIC GFR was high (> 5 mL/min/1.73 m2). 
However, the wide fluctuation and bimodal 
distribution of KWIC GFR could also be due 
to the small sample size. Both estimated GFR 
and FLASH GFR were more evenly distribut-
ed around the bias line (iohexol GFR) close to 
zero and across the range of GFR values (Fig. 
3). Despite the small sample size, this find-
ing suggests higher stability and robustness in 
GFR estimations from the FLASH sequence 
compared with the KWIC sequence. Howev-
er, FLASH GFR showed a slightly higher bias 
than estimated GFR (Fig. 3).

Although qualitative image characteris-
tics other than artifacts showed no signifi-
cant differences, reproduction of cortico-
medullary differentiation (unenhanced) and 
overall image quality produced AUC values 
in favor of the KWIC sequence (Table 3). 
The better appearance (i.e., higher observer 
ratings of the corticomedullary differentia-
tion in KWIC) might indicate that full-sam-
pled core k-space sampling yields good vi-
sual image contrast, unaffected by the strong 
undersampled shared peripheral k-space. 
On the other hand, the visually observed fa-
vorable corticomedullary differentiation in 
KWIC did not correspond to the signal inten-
sity enhancement ratios (delta ratio) found in 
the cortex for KWIC. These findings might 
reflect that the visual appearance and image 
quality characteristics of KWIC are compa-
rable to that of the FLASH sequence, except 
for the chemical shift and streaking artifact 
being more pronounced in KWIC.

The signal intensity characteristics and ob-
served voxel time courses in DCE-MRI are 
the result of a complex interplay between ex-

trinsic factors and intrinsic phenomena and 
are partly under experimental control (e.g., re-
garding flip angle, TR, gadolinium dose, and 
injection rate). In our experiments, both the 
gadolinium dose and injection rate were iden-
tical for all subjects, reflecting no differences 
between sequences. The flip angle selection 
for both FLASH and KWIC was low, at 12° 
and 10°, respectively. Flip angles are usually 
selected to maximize SNR and the contrast 
between enhanced and unenhanced kidney 
tissue, which favors lower flip angles. Bo-
kacheva et al. [36] described a 2.3 times high-
er contrast ratio between enhanced and unen-
hanced cortical signals when using 12° versus 
40° for the GRE sequence with a TR of 3 ms. 

The TRs for the two sequences differed 
slightly, at 2.41 ms and 3.51 ms for the FLASH 
and KWIC sequences, respectively. Differenc-
es in TRs have previously been shown to affect 
signal enhancement, with lower TRs producing 
greater enhancement than higher TRs [37]. It 
is not evident to what extent the small variation 
in TR between FLASH and KWIC sequences 
would influence the enhancement ratio.

Overall, the SNR measurements did not 
show statistically significant differences be-
tween the sequences. However, the mean lev-
el of enhancement between the baseline sig-
nal intensity and peak signal intensity (delta 
ratio) in the cortex was statistically signifi-
cantly lower for KWIC (delta ratio = 0.99) 
than for FLASH (delta ratio = 1.40).

The measurement of the signal evolution in 
arterial blood, providing arterial input in the 
pharmacokinetic models, is one of the great 
challenges in quantitative functional imag-
ing [36]. Several phenomena may impair the 
MR signal intensity in the arteries, such as in-
flow effect, dephasing, partial-volume effect, 
and flow pulsation [4]. These effects are of-
ten visually perceptible in the appearance of 
signal enhancement of blood [38]. Moreover, 
the specific placement of the ROI defining the 
aortic input function has been shown to sig-
nificantly influence the estimated renal per-
fusion and GFR values [39]. In our study, sub-
jective evaluation of inflow artifacts (in distal 
aorta at the location of AIF) produced high 
scores for both sequences, with KWIC being 
slightly more impaired than FLASH (AUC, 
0.36). These inflow artifacts, which were 
mainly observed in KWIC, might contribute 
to the variability and instability of the mod-
el-based estimation of functional parameters.

In summary, we have provided a frame-
work for comprehensive assessment of renal 
3D DCE-MRI that includes both image qual-

ity and quantitative estimation of function-
al kidney parameters, such as GFR. In our 
comparative experiments, the FLASH se-
quence seemed to have slightly better image 
quality properties and provide more accurate 
functional estimates (i.e., GFR) than KWIC.
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Abstract 

Background: High repeatability, accuracy and precision for renal function 

measurements need to be achieved to establish renal DCE-MRI as a clinically useful 

diagnostic tool. 

Purpose: To investigate the repeatability, accuracy, and precision of DCE-MRI 

measured renal perfusion and glomerular filtration rate (GFR) using iohexol-GFR as 

the reference method. 

Material and Methods: Twenty healthy non-smoking volunteers underwent repeated 

DCE-MRI and an iohexol-GFR within a period of 10 days. Single-kidney (SK) MRI 

measurements of perfusion (blood flow, Fb) and filtration (GFR) were derived from 

parenchymal intensity time curves fitted to a two-compartment filtration model. The 

repeatability of the SK-MRI measurements was assessed using coefficient of variation 

(CV). Using iohexol-GFR as reference method, the accuracy of total MR-GFR was 

determined by mean difference (MD), and precision by limits of agreement (LoA). 

Results: SK-Fb (MR1, 345 ± 84; MR2, 371 ± 103 mL/100mL/min) and SK-GFR 

(MR1, 52 ± 14; MR2, 54 ± 10 mL/min/1.73m2) measurements achieved a repeatability 

(CV) in the range of 15-22%. With reference to iohexol-GFR, MR-GFR was 

determined with a low mean difference but high LoA (MR1, MD 1.5 mL/min/1.73m2, 

LoA [-42, 45]; MR2, MD 6.1 mL/min/1.73m2, LoA [-26, 38]). 80 and 90% of MR-

GFR measurements were determined within ± 30% of the iohexol-GFR for MR1 and 

MR2, respectively. 

Conclusion: Good repeatability of SK-MRI measurements and good agreement 

between MR-GFR and iohexol-GFR provide a high clinical potential of DCE-MRI for 

renal function assessment. A moderate precision in MR-derived estimates indicates 

that the method cannot yet be used in clinical routine. 

Keywords: Urinary, MR-functional imaging, kidney, adults, imaging sequence, 

technology assessment. 
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Introduction 

Dynamic contrast-enhanced MRI (DCE-MRI) of the kidneys enables the 

quantification of renal perfusion and glomerular filtration rate (GFR) in one imaging 

session (1, 2). A number of technical limitations have slowed widespread clinical use 

of renal DCE-MRI (2-4), and postponed the development and implementation of these 

quantitative imaging biomarkers (QIB) of renal function. Recently, Sullivan and co-

workers (5) emphasized the need for common standards and terminology in studies on 

the evaluation and comparison of QIB. In this regard, the importance of evaluating 

technical performance in terms of repeatability and accuracy was emphasized, 

suggesting an appropriate framework using reference subjects, controlled conditions, 

and reference measurements (5).  

For patients, high accuracy for renal DCE-MRI has been reported (2, 6-12). For 

healthy subjects, repeatability has been in focus, but accuracy has rarely been studied 

(13-17). In this work we simultaneously report repeatability and accuracy for the same 

healthy subjects.  In order to validate an MRI-derived GFR-biomarker under the 

criteria of controlled and repeatable conditions, examining healthy subjects would be 

appropriate. Acquiring a GFR-reference for healthy subjects is achievable using a non-

ionizing GFR measurement method. Plasma clearance of 51Cr-EDTA and iohexol are 

two commonly used GFR measurement methods in Europe (18, 19), and they are 

accepted alternatives to the gold standard method of urinary inulin clearance (20). 

Iohexol has the advantage of being non-ionizing, stable, cheap, easily available, and 

non-toxic in the required doses (18).   

In our study, repeated DCE-MRI examinations were administered to a sample of 

healthy volunteers under controlled conditions and using iohexol-GFR as the reference 

method. Within this framework, we addressed our optimized 3D DCE-MRI protocol 

using a repeated breath hold technique, based on principles described by Lee et al. (21, 

22).  Our aim was to investigate the repeatability of the single-kidney (SK) functional 

measurements between the two MRI examinations, and to investigate the accuracy and 

precision of MRI-derived total GFR compared to iohexol-GFR. 
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Material and Methods 

Subjects 

Twenty healthy non-smoking volunteers were recruited locally and included according 

to the flow diagram in Fig. 1. The inclusion criteria were normal weight and age under 

40 years. Exclusion criteria were a history of renal, hypertensive, or vascular disease, 

previous moderate or severe allergic reactions to any medication, and the use of any 

medication. Initially all subjects underwent blood tests for Serum-creatinine (SCr). 

The two DCE-MRI examinations of each individual were undertaken at a fixed 

interval of seven days, in accordance with guidelines on the minimum time interval 

between two gadolinium injections (23). To avoid systematic relations between 

measurement methods, iohexol-GFR was randomly acquired either prior to MR1, 

between MR1 and MR2 or after MR2. For practical reasons, the iohexol-GFRs were 

acquired between 12.00-13.00, and both DCE-MRI-examinations between 15.00 – 

18.00. Subjects were not in a fasting state, but were asked to avoid alcohol and food 

with a high protein level, avoid strong physical effort and be normally hydrated for the 

last two days before all examinations, and to have no caffeine on the examination day. 

Subjects were instructed to drink and eat the same type and amount of fluid/food at the 

same time prior to all examinations to endeavor stable test conditions. The study was 

approved by our Institutional Review Board, and all subjects gave their written 

informed consent. 

 

Clinical reference serum markers  

Iohexol-GFR, which is an established clinical procedure at our Hospital, was used as 

GFR reference and was performed by injecting 5mL of iohexol (Omnipaque 300 mg 

I/mL, GE Healthcare, Oslo, Norway) followed by a venous blood sample after four 

hours. The iohexol concentration was analyzed using the single-point method and 

high-pressure liquid chromatography (HPLC) technique (24). The analytical CV (total 

over several months) for a similar iohexol-GFR method is reported in the range 3.3-

4.1% (25), assessed by an external quality assurance program (Equalis, Uppsala, 
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Sweden). The patients’ erythrocyte volume fraction (EVF) was also measured as part 

of the iohexol-GFR procedure. The estimated GFR (eGFR) based on enzymatic SCr 

assays traceable to the isotope dilution mass spectrometry (IDMS) was determined by 

the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI Creatinine 

(2009)) formula (26). The mean interval between SCr and iohexol-GFR was 12 days 

(standard deviation (SD) 8 days).   

 

MR Imaging 

MRI examinations were performed on a 1.5 T scanner (Siemens Magnetom Avanto, 

Erlangen, Germany) with a gradient strength of 45 mT/m and a slew rate of 200 

mT/m/ms, using a standard phased-array coil. Coronal-oblique DCE-MRI data were 

continuously acquired using a 3D spoiled gradient-recalled (SPGR) pulse-sequence: 

TE=0.8 ms, TR=2.36 ms, FA=20°, parallel imaging factor 3. Each volume covered the 

kidneys and the aorta, acquired every 2.3 s for ~6 minutes with a voxel size of 

2.2x2.2x3 mm3 and a matrix size of 192x192. A bolus injection of 0.025 mmol/kg of 

GdDOTA (Guerbet Group, Roissy, France) was administered at 3 mL/s through a 20-

G needle placed in an antecubital vein using an automated power injector (OptistarLE, 

Dublin, Ireland), followed by a 20 mL saline flush. Prior to the injection of gadolinium 

(Gd), 8 baseline volumes were acquired during an 18-second breath-hold. Seven 

seconds after the Gd-injection, the subjects were instructed to hold the breath for 26 

seconds for motion-free, first pass perfusion. Subsequent instructions for 13-second 

breath-holds and 26 seconds of free-breathing were given during the continuous scan 

for regular motion free intervals throughout filtration phase. Subjects received oxygen 

at a flow of 1 L/min through a nasal cannula to ease breathing. 

 

Image processing and analysis 

All DCE-MRI volumes were motion-corrected across time points using a non-

parametric automated registration method (27), executed in MATLAB (R2014B). 
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Registered data including all time frames were then analyzed by one operator (4 years’ 

experience of renal DCE-analyses) using the software PMI 0.4 (28), written in IDL 

6.4. The region of interest (ROI) representing the arterial input function (AIF) was 

defined semi-automatically on maximum signal-enhancement maps by selecting the 

15-20 brightest voxels along the long axis of the aorta, starting just below the orifices 

of the renal arteries in the mid-coronal slice (Fig. 2). Voxels close to the vessel wall 

were avoided to minimize potentially partial volume effects.  

For each DCE-MRI examination, parenchymal volumes were selected on area under 

the curve (AUC) maps, excluding extra-renal structures and the renal collecting 

system.  

Assuming a linear relation between signal intensity and the contrast media 

concentration, contrast media concentration in the aorta CA(t) and plasma Cp(t) (tissue) 

was estimated from the signal enhancement C(t)=S(t)-S0, where S0 is the baseline 

signal and S(t) is the signal at time t, where S is the mean signal in the parenchymal 

volume ROI. Such approach has previously been found feasible for the quantification 

of renal perfusion and filtration measurements using SPGR sequence (6). The 

concentration-time curves were then fitted to the two-compartment filtration model 

(2CFM) (29), comprising four independent parameters: plasma volume (Vp), tubular 

flow (Ft), tubular transit time (Tt), and plasma transit time (Tp), as implemented in PMI 

(28). 

Conversion from plasma (p) to blood (b) was performed in PMI by incorporating the 

erythrocyte volume fraction (EVF), all parameters presented in units of blood (Vb, Tb). 

Kidney perfusion, Fb in units of mL/100mL/min, was derived from the equation Fb = 

Vb/Tb. The glomerular filtration rate, GFR in units of mL/min, was further determined 

as the product of Ft and the renal parenchymal volume (Vpar, mL), according to the 

formula GFR = Ft Vpar. For further details on pharmacokinetic model we refer to (29). 

Total GFR was calculated as the sum of SK-GFR for the left and right kidneys. All 

GFR-measurements were normalized to a body surface area in units of 1.73 m2 

according to the Du Bois formula: , where W = 

weight (kg) and H = height (cm) (30). 
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Statistical analysis 

The repeatability of SK estimates was reported using coefficient of variation (CV), 

intra-class correlation coefficient (ICC) and Pearson correlation coefficient r. CV was 

calculated as the ratio between the SD of the differences between the measurements 

from the two imaging sessions and the mean of all the measurements. ICCs was 

calculated in SPSS using a two-way, random effects ANOVA model measuring the 

extent of absolute agreement between the test-retest measurements (31).  

Accuracy was defined by the two components of uncertainty including both the central 

tendency (i.e., bias) and data dispersion (i.e., precision). Bias was expressed by the 

mean difference (MD) and calculated as MR-GFR or eGFR minus iohexol-GFR. 

Precision was expressed by limits of agreement (LoA), visualized by Bland-Altman 

plots. Accuracy was also reported as the percentage of eGFR or MR-GFR within 

±30% of iohexol-GFR (P30). To ensure consistency with previous validation studies 

(6-11, 13-17), we applied Pearson correlations (r) and predictions (regression slope 

and intercept) of iohexol-GFR from eGFR, and the two DCE-MRI examinations, using 

a linear regression model. 

Statistical significance for all tests was defined at p-value<0.05. Analyses were 

performed in Excel 2013 Microsoft, U.S.A) using Analyse-it® (Analyse-it Software, 

UK) and SPSS (IBM SPSS 22.0; Armonk, NY, USA). 
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Results 

Clinical characteristics of the study participants are presented in Table 1. Table 2 

presents the mean (SD) of the 40 SK measurements derived from MR1 and MR2, 

including renal blood flow (Fb), tubular flow (Ft), GFR, and renal parenchymal 

volumes (Vpar). 

The repeatability (CV) of the physiological measurements, Fb, Ft, and GFR, between 

MR1 and MR2 was in the range of 14.9 – 21.9%, as presented in Table 2. 

Correspondingly, ICCs ranged between 0.26 and 0.47 for the measurements, 

respectively (Table 3). The repeatability of SK volume measurements within subjects 

was 4.4% with an ICC of 0.88. 

Fig. 3 visualizes the distribution of individual Fb and SK-GFR measurements at MR1 

and MR2. Test-retest Pearson correlations were statistically significant for all 

measurements except for Ft (Table 3). No systematic differences were observed 

between the paired measurements, or between the left and right split kidney 

measurements. 

Fig. 4 visualizes the accuracy in terms of agreement between eGFR and iohexol-GFR 

(a) and between MR-GFR (b, c) and iohexol-GFR. The mean difference between 

iohexol-GFR and eGFR was 6.8 mL/min/1.73m2, whereas mean differences between 

iohexol-GFR and MR1 and MR1 were 1.5 and 6.1 mL/min/1.73m2, respectively. 

Considerably broader LoA were found in MRI measurements compared to the eGFRs 

(Table 4). Pearson correlations with iohexol-GFR were comparable for eGFR 

(r=0.557, p=0.011) and MR1-GFR (r=0.565, p=0.010) and lower for MR2-GFR (r=-

0.288, p= 0.229).   

The fraction of GFR measurements quantified by eGFR, MR1 and MR2 that was 

within P30 of the iohexol-GFR, is presented in Table 4. According to NKF at least 

90% of measurements should lie within P30; 100% of the eGFR-estimates were found 

to be within this range, while 80% and 90% of the MR1 and MR2 measurements, 

respectively, were within this range. 
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Fig. 5 shows the prediction of iohexol-GFR-values from eGFR (a), MR1 and MR2 (b), 

and Pearson correlations r. The fit to the linear model was better for eGFR than both 

MR1 and MR2. Despite MR1 achieving a slightly better fit than MR2, both imaging 

sessions were impaired by high unsystematic fluctuations in GFR measurements.  
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Discussion 

This study aimed to evaluate repeatability, accuracy, and precision in DCE-MRI 

derived renal functional measurements. Our results showed that SK perfusion and 

filtration measurements were repeatable with a CV of 15% and 22%, respectively. 

With reference to iohexol-GFR, a mean difference of 1.5 and 6.1 mL/min/1.73m2 was 

found in total GFR estimates derived from MR1 and MR2, comparable to findings for 

eGFR. However, only a moderate precision was found in the MR-GFR measurements 

expressed by broad limits of agreement compared to iohexol-GFR, indicating 

unsystematic error sources in our DCE-MRI method. 

Day to day variations up to 10% can be expected in SCr level associated with factors 

such as diet and time of day (20, 32).The variation in GFR has been found greater in 

the higher GFR-ranges (>90 L/min/1.73m2) compared to lower GFR-ranges (26).  

Our findings of repeatability are in good accordance with previous DCE-MRI studies 

of healthy volunteers, reporting CVs in perfusion and filtration measurements of 10% 

and 7% (14),14% and 18% (13), and 28% (15), respectively. Compared to previous 

studies using GFR-reference to determine accuracy in MR-derived GFR, our results 

were in good accordance in terms of the mean difference. Lee et al. (12), Vivier et al. 

(9) and Lim et al. (6) found mean differences between radioisotope-GFR (99mTc-

DTPA) and MR-GFR of -11.9 mL/min, ranging between  4.1 and -7.7 mL/min/1.73m2, 

and of -0.7 mL/min (for SK), respectively. Vivier and colleagues found 95% of the 

MRI-estimates within P30, compared to our results of 80% and 90% for MR1 and 

MR2, respectively.  As regards eGFR, a high P30 (>90%) may be achieved at GFR-

levels > 90 mL/min/1.73m2, in particular using combined equations with cystatin C 

(33). 

Discrepancies were found between our findings and previous studies in terms of 

strength of associations between MR-GFR estimates and non-MRI reference methods. 

Compared to Lim et al. (r = 0.91, slope = 0.96) (6), Buckley et al. (r = 0.82, slope = 

2.21)  (11), Vivier et al. (c = 0.87) (9), and Krepkin et al. (r  = 0.87) (8), our 

corresponding findings  (MR1, r = 0.57, slope = 1.51; MR2, r = 0.29, slope = 0.47) 
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were substantially weaker. However, our results were consistent with Hackstein and 

coworkers (17) examining healthy subjects, reporting Pearson r = 0.36 between MR-

GFR (with similar doses of Gd) and iopromide-GFR.  The discrepancy may partly be 

attributed to the narrow GFR range of the study sample of healthy volunteers. 

Several factors may explain the lower absolute agreement (ICC) between the test-

retest SK estimates and the lower precision (LoA) between total MR-GFR and 

iohexol-GFR estimates. The AIF forms the basis for the estimation steps of renal 

function, and is one factor that has been highlighted for its impact on repeatability and 

accuracy when high temporal resolution is needed (2, 14, 34). Measurement errors can 

originate from sources such as inflow (35) and partial volume effects (3), and mis-

registration. Inflow-effects were minimized by using a low flip angle and coronal 

acquisitions (36), but were still observed in some datasets. This may contribute to a 

perturbed distribution of the functional estimates. However, other studies are 

hampered with similar deficiencies, and we have presently no clear explanation of the 

lower correlations and lower precision found in our study compared to those reported 

by others. 

Retrospective inspection of image data belonging to outliers revealed reconstruction 

errors (blurring) due to motion in the free-breathing volumes. These effects 

contributed to fluctuations in the signal-time curves, probably being amplified due to 

the subjects´ need to re-oxygenate after breath-holds. Such effects were observed in a 

few data sets, one case being presented in Fig. 6. Although data were motion corrected 

in the post-processing phase, breathing effects causing reconstruction errors would 

likely cause inter-frame mis-registration. As illustrated in Fig. 6, both reconstruction 

errors and alignment errors are present, leading to erroneous time-curves within the 

sampling ROIs. Moreover, breathing effects could blur the fine delineation between 

renal and extra-renal tissue influencing segmentation quality. Although our semi-

automatic segmentation procedure required minimal operator involvement and 

achieved a high ICC (0.87), inclusion and contribution from extrarenal voxels cannot 

be excluded. Contribution from liver voxels in parenchymal masks has been associated 

with partial volume effects, significantly influencing function measurements (3). 



11 
 

 
 

Extensive research efforts have focused on improved motion compensation strategies 

both in acquisition and post-processing steps in renal DCE-MRI (4, 27, 37), but no 

consensus on optimal strategies yet exist.  

Our study had several limitations. First, a small study cohort with a homogenous GFR 

range is presented. A correspondingly increased sensitivity to physiological variation 

between GFR measurement sessions is expected. Heart rate and blood pressure at the 

time of MRI examinations could be measured and analyzed in relation to the 

repeatability of perfusion estimates. Accuracy could probably be increased by 

performing DCE-MRI measurement and iohexol-GFR measurement at the same day 

and at the same time of day. Further, a limitation of our study was the assumption of a 

linear relationship between signal intensity and Gd concentration for the dynamic 

range of Gd concentrations, although this approach has been previously used in similar 

studies (6). Compared to our repeated breath hold technique, a free-breathing protocol 

would give higher patient compliance when applied to renal disease patients with 

cardiac or respiratory insuffiency. The moderate precision in our GFR-estimates were 

related to motion effects, emphasizing the importance of developing future robust free-

breathing renal DCE-MRI protocols. 

In conclusion, our repeated breath-hold DCE-MRI protocol as applied to healthy 

subjects provided single-kidney renal perfusion and GFR measurements with overall 

good intra-individual repeatability. With reference to iohexol-GFR, MR-GFR achieved 

low bias, but had only a moderate precision, reflecting high individual variability 

around values obtained by the reference method. In future studies, using a framework 

of repeated DCE-MRI on healthy subjects and the use of iohexol-GFR as reference 

method, may ease validation efforts and facilitate comparisons between studies.
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Tables  

Table 1. Clinical characteristics of study participants. 

Variable Value 

Number of subjects 20 

Gender (female/male) 16/4 

Mean age (y) 25 (20-38) 

Height (m) 1.71 ± 0.07 

Weight (kg) 66.2 ± 8.7 

Body mass index (BMI) (kg/m2) 22.6 ±  2.1 (18.0-27.0) 

Body surface area (BSA) (m2) 1.77 ±  0.14 (1.5-2.0) 

Serum creatinine level (μmoL/L) 70 ± 15 (52-103) 

Iohexol-GFR (mL/min/1.73 m2) 103 ± 10 (87-125) 

Estimated GFR (eGFR) (mL/min/1.73 

m2) 

110 ± 15 (81-128) 

MR1-GFR (mL/min/1.73 m2) 104 ± 26 (69-154) 

MR2-GFR (mL/min/1.73 m2) 109 ± 16 (84-138) 

 

Parentheses are means and ranges.  

Plus-minus values are means ± SD. 

GFR denotes glomerular filtration rate.  
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Abstract  
OBJECTIVE. The objective of our study was to investigate whether dynamic 

contrastenhanced MRI (DCE-MRI) can detect differences and potential adaption in 

single-kidney parenchymal volume, blood flow, glomerular filtration rate (GFR), and 

filtration fraction in the remaining kidney of healthy donors compared with nondonors. 

Further, we evaluated the agreement in donor GFRs measured using DCE-MRI versus 

serum clearance of iohexol. 

SUBJECTS AND METHODS. Twenty living kidney donors and 20 healthy control 

subjects underwent DCE-MRI and iohexol GFR. Renal parenchymal volume was 

assessed from maximum-signal-intensity maps. Single-kidney MRI measurements of 

blood flow and GFR were derived from parenchymal signal intensity–time curves 

fitted to a two-compartment filtration model. The Student t test, Pearson correlation 

coefficient, mean differences, and limits of agreement were applied to analyze MRI 

measurements between groups and 

agreement with iohexol GFR. 

RESULTS. MRI findings showed significantly higher blood flow (difference in mean 

values of donors vs control subjects, 54%; p = 0.001), GFR (78%, p < 0.0001), and 

renal parenchymal volume (65%, p < 0.0001) in the single kidney of donors compared 

with the single kidney of healthy control subjects. In the donors, a proportional 

increase in blood flow and GFR resulted in a comparable filtration fraction, as was 

observed in the control subjects. 

Significant correlations were found between MRI-derived GFR and parenchymal 

volume (p = 0.0016), as well as with iohexol GFR (p < 0.0001). The mean difference 

between MRIderived GFR and iohexol GFR was 14.0 mL/min, and the limits of 

agreement between MRIderived GFR and iohexol GFR were –24.1 and 52.1 mL/min. 

CONCLUSION. DCE-MRI–derived values for single-kidney function and volume in 

kidney donors were significantly higher than those in control subjects and suggest a 

future potential benefit of DCE-MRI for diagnostic and prognostic structural and 

functional assessments in living kidney donors. 
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Introduction  
The prevalence of living kidney donation is increasing worldwide. Although most 

donors have a similar life expectancy and quality of life to healthy non-donors, living 

kidney donation is associated with a low but increased risk (< 0.5% over 15 years) of 

developing end-stage renal disease (ESRD) [1-4]. This risk might increase when 

donors of higher age and with marginal kidney function are used [5]. Changes in 

functional and structural parameters may be valuable markers for the identification of 

early kidney damage. The remaining kidney of the donor typically undergoes 

hypertrophy and functional adaption through an increase in renal plasma flow (Fp) and 

the glomerular filtration rate (GFR) [6]. A proportional compensation in these 

physiological functions would result in a normal filtration fraction (FF=GFR/Fp), 

whereas disproportional compensation might lead to renal disease [7]. The filtration 

fraction has been proposed as a relevant biomarker in the evaluation of living kidney 

donors [7]. The adaption of parenchymal volume and filtration capacity has previously 

been investigated in the single kidney of donors [6, 8-11]. Little is known, however, 

about perfusion in a healthy donor’s kidney, and no noninvasive techniques for 

measuring renal blood flow are in routine clinical use to date. 

Dynamic contrast-enhanced MRI (DCE-MRI) enables non-invasive quantification of 

single kidney volume, perfusion, and filtration in one imaging session, without the use 

of ionizing radiation [12-14]. DCE-MRI has been found feasible for earlier detection, 

prognosis, prediction and monitoring of treatment effects of several renal diseases [15-

22]. The use of DCE-MRI in the pre-donation evaluation could provide a baseline for 

a more comprehensive and individualized follow-up in the postdonation phase. In 

donors at higher risk of disease and complications (e.g. elderly or donors with 

hypertension or marginal GFR) and in donors with post nephrectomy complications, 

the use of DCE-MRI could provide early detection of abnormal morphologic and 

functional adaption. A recent study suggests postoperative stability in renal function 

by 1 month after donation and that poor adaption status from this time may be 

predictive of later development of chronic kidney disease [23]. Hence, DCE-MRI from 

this time might represent a diagnostic and prognostic tool to assess individualized 

kidney function at regular intervals. In addition, donors usually have regular (yearly) 
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follow-up by nephrologists, and long-term results are often reported every 5 and 10 

years as part of national quality surveys.   

Traditionally, radiological methods are used solely in the pre-operative evaluation of 

potential renal donors. Clinical work-up includes renal scintigraphy to determine 

single kidney function, and CT or ultrasound to determine renal volumes and vascular 

anatomy [24]. The drawbacks of CT and renal scintigraphy include ionizing radiation 

and, in the case of scintigraphy, also low spatial resolution with poor morphological 

visualization. Alternative non-contrast-enhanced MRI techniques, such as arterial spin 

labeling (ASL) [7] and diffusion-weighted MR imaging (DWI)[2], have recently been 

applied to investigate renal function in living kidney donors. However, compared to 

DCE-MRI, those non-contrast-enhanced techniques do not provide information about 

GFR or filtration fraction.  

GFR measurement using serum clearance of iohexol is an accepted alternative to the 

reference standard of the urinary inulin clearance method that is recommended by the 

National Kidney Foundation [25]. The clinical validity of DCE-MRI for the 

quantification of renal function would depend on its agreement with such a reference 

method.  

The objective of this study was twofold: first, to investigate whether DCE-MRI can 

detect differences and potential adaption in single kidney parenchymal volume, renal 

perfusion, or GFR in the remaining kidney of healthy donors compared to non-donors; 

and, second, to evaluate the validity of the imaging method in terms of agreement 

between MRI-derived GFR and iohexol GFR in donors. 
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Materials and methods 

Study subjects 

The institutional review board approved this prospective study, and all participants 

gave written informed consent. Between October 2013 and September 2014, 20 donors 

and 20 healthy control subjects were examined as shown in the flow diagram in Figure 

1. The inclusion criteria for the donors were stable kidney function corresponding to 

CKD stage 3B or an estimated GFR of greater than 45 mL/min. The inclusion criteria 

for the healthy control subjects were normal weight and age of less than 40 years old. 

The exclusion criteria for the donors were complications in the postnephrectomy phase 

and for the control subjects, the use of any prescribed medication. Further, the 

exclusion criteria for both groups were any acute illness or disease related to a decline 

in kidney function, such as renal, hypertensive, or vascular disease; previous allergic 

reactions to any medication, including contrast agents; and any contraindications to 

MRI according to the MRI safety checklist. Living kidney donors were evaluated for 

inclusion in a consecutive way based on their scheduled regular annual visits at the 

nephrology outpatient clinic. DCE-MRI and iohexol GFR testing were performed as 

supplementary examinations of the donors exclusively for research purposes. In our 

institution, no imaging follow-up of kidney donors yet exists. Of 24 donors invited to 

participate in this study, four refused to participate for personal reasons. The average 

time interval (± SD) between donor nephrectomy and DCE-MRI and iohexol GFR 

testing was 9 ± 5 years (range, 2–17 years). Of the 20 donors, nine had undergone the 

donor surgery 6 years earlier; five, between 7 and 12 years earlier; and six, between 13 

and 18 years earlier. The average time gap between DCE-MRI and iohexol GFR 

testing was 5 ± 2 days (range, 1–8 days). 

For practical and ethical reasons, the healthy control subjects were taken from a 

sample used in a previous study (not published). The living kidney donors and healthy 

control subjects were recruited independently and were not matched. The 

healthy control subjects were recruited from local advertisements at the Haukeland 

University Hospital and University of Bergen campus. Subjects were invited to 

undergo two identical DCE-MRI examinations and one iohexol GFR test with the 
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aim to evaluate repeatability and accuracy. To prevent interaction of gadolinium and 

iohexol contrast agents from affecting kidney function, MRI examinations and iohexol 

GFR tests were performed at least 2 days apart. The average time gap 

between the first DCE-MRI examination and iohexol GFR test was 5 ± 4 days (range, 

2–12 days). Imaging data from the first of two MRI examinations and iohexol GFR 

measurements were used as data for the healthy control subjects, which represents 

an overlap of data between the two studies. Details of subject demographic and 

laboratory data are provided in Table 1. 

Iohexol GFR measurements were performed by injecting 5.0 mL of iohexol (300 

mg/mL; Omnipaque 300, GE Healthcare) and obtaining a venous blood sample 4 

hours later. The iohexol concentration was analyzed using the single-point high 

pressure liquid chromatography (HPLC) method according to Jacobsson [26]. 

Estimated GFR (i.e., serum creatinine clearance) was determined using the Chronic 

Kidney Disease Epidemiology Collaboration equation according to [27]. 

 

MR imaging technique 

DCE-MRI examinations were performed on a 1.5-T scanner (Avanto, Siemens 

Healthcare) using a standard phased-array coil. A 3D spoiled gradient-echo sequence 

was performed using the following parameters: TR/TE, 2.36/0.8; flip angle, 20°; 

matrix, 192 × 192; FOV, 425 × 425 × 90 mm; voxel size, 2.2 × 2.2 × 3.0 mm; and 

temporal resolution, 2.3 seconds. The generalized autocalibrating partial parallel 

acquisition (GRAPPA) factor was 3. The 3D volumes were acquired continuously 

during a total scanning time of approximately 5 minutes using an oblique coronal slice 

direction covering the kidney and aorta. 

A repeated breath-hold protocol was used to record image data with minimal 

impairment from motion. Before the injection of contrast agent, eight baseline 

volumes were acquired during an 18-second breath-hold phase to obtain a reliable 

unenhanced signal intensity baseline for the measurement of tracer concentration. A 

bolus injection of 0.025 mmoL/kg of gadoterate meglumine (Dotarem, Guerbet) was 

administered at 3 mL/s followed by a 20-mL saline flush through a 20-gauge 
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needle placed in an antecubital vein using an automated power injector (Optistar LE, 

Mallinckrodt). Seven seconds after the contrast agent injection, during the first pass, 

the subjects were instructed to hold their breath for 26 seconds. Subsequent 

instructions for 13-second breath-holds and 26 seconds of free breathing were given 

during continuous scanning. During the free-breathing intervals, subjects were asked 

to breathe as shallowly as possible. Subjects received 1 L/min of oxygen through 

a nasal cannula to ease breathing. 

 

Data analysis 

The DCE-MRI data were exported from the scanner to an external workstation for 

postprocessing. First, a nonparametric automated registration method, implemented in 

Matlab (version R2014b, Math-Works) with normalized gradients as the Cost function, 

was used for kidney motion correction; see [28] for details. Registered data including 

all time frames were then converted back into DICOM format and were postprocessed 

using Platform for Research in Medical Imaging (PMI) software (PMI, version 0.4, 

University of Leeds) [29], which is written in Interactive Data Language (version 6.4, 

David Stern & ITT Visual Information Solutions), for model-based estimations of 

renal functional parameters. An operator with 4 years’ experience in renal DCE-MRI 

analyses performed the pharmacokinetic PMI analyses using default parameters and 

was blinded to information about estimated GFR and iohexol GFR. The ROI defining 

the arterial input function (AIF) was defined semiautomatically on maximum-signal-

intensity maps by selecting the 10–15 brightest voxels along the long axis of the aorta, 

starting just below the orifices of the renal arteries in the midcoronal slice. 

Parenchymal volumes—excluding extrarenal structures and the renal collecting 

system—were selected on AUC maps. A scaled gadolinium concentration–time curve 

(Ŝt) from the whole parenchymal volume was fitted to a two-compartment filtration 

model comprising the following four independent parameters: plasma volume, tubular 

flow, tubular transit time, and plasma transit time; this step was implemented in PMI 

[30]. Ŝt was estimated from the relative signal enhancement using the following 

equation: 
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Ŝt=St-S0, 

 

where S0 is the baseline signal intensity and St is the signal intensity at time t. 

Conversion from plasma (p) to blood (b) concentration was performed in PMI by 

taking the measured erythrocyte volume fraction (EVF) into account. 

The kidney perfusion parameters renal blood flow (Fb) and renal plasma flow (Fp) in 

units of mL/min/mL were derived from the following two equations:  

 

Fb=Vb/Tb 

and  

Fp=Vp/Tp, 

 

where Vb and Vp are the blood volume and plasma volume, respectively, and Tb and Tp 

are the mean transit times (in minutes) of renal blood and renal plasma, respectively. 

Renal Fb and Fp were further converted to absolute flow (mL/min), by multiplying 

with whole kidney volume. GFR was determined as the following product:  

 

GFR=Ft x Vpar, 

 

where Ft is the flow into the tubules (mL/min/mL) and Vpar is the renal parenchymal 

volume (in milliliters). The filtration fraction represents the proportion of plasma 

entering the kidneys that is filtered by the glomeruli. 

 

Statistical analyses 

Descriptive statistics are given as means and SDs. For comparison of the donor group 

and the healthy control group, the percentage difference in means is reported. The two-

tailed Student t test with independent samples was applied to test for differences in 

means.  

An ANOVA was applied to three different groups categorized by years since donation 

to test whether time since donation had a significant impact on the renal measurements 
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of donors. The Pearson correlation coefficient (r) was calculated to test the strength of 

association. A p value of < 0.05 was considered to indicate statistical significance.  

The accuracy of the GFR measurements in donors was summarized as the mean 

difference (bias) and the limits of agreement between MRIderived GFR and the 

reference iohexol GFR. A Bland-Altman plot was drawn for visualization. Absolute 

agreement between MRI-derived GFR and iohexol GFR was assessed in terms of the 

intraclass correlation coefficient (ICC) using a twoway random-effects ANOVA 

model. To adapt to the recommendations of the National Kidney Foundation [25], we 

also report accuracy in terms of the percentage of MRI-derived GFR estimates that fell 

within 10%, 30%, and 50% above or below the iohexol GFR.All statistical analyses 

except ICC calculations were performed using Microsoft Excel 2013 and Analyze-it 

(version 3.80, Analyze-it Software). ICC calculations were performed using SPSS 

software (version 22.0, IBM).  
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Results 

Estimates of Total and Single-Kidney Glomerular Filtration Rates in Donors and 

Healthy Control Subjects  

Demographic and laboratory data for the donors and healthy control subjects are 

presented in Table 1. DCE-MRI examinations and blood tests were successfully 

performed in all subjects and were included for analysis. The results are summarized 

in Table 2. The total iohexol GFR was significantly lower in donors (mean, 84 

mL/min; SD, 13) than in the healthy control subjects (mean, 105 mL/min; SD, 10) 

(two-tailed Student t test, p < 0.0001). 

The distribution of measurements is shown in Figure 2A. By comparison, the MRI-

based GFR measurements showed no statistically significant difference (p = 0.188) in 

the total MRI-based GFR measurements between donors (mean, 98 mL/min; SD, 26) 

and healthy control subjects (mean, 109 mL/min; SD, 25). MRI-based GFR 

measurements had a considerably larger SD and distribution overlap between the 

groups compared with the reference iohexol GFR, as shown in Figure 2B.

Donors Age and Time Since Nephrectomy 

Donor age was negatively correlated with both iohexol GFR (r = –0.551, p = 0.0117) 

and MRI-based GFR (r = –0.557, p = 0.0107). The relationship between donor iohexol 

GFR and age is presented in Figure 3A. A similar age-related decline in glomerular 

filtration was not found in the healthy control subjects for either the iohexol GFR (p = 

0.3780) or the MRI-based GFR (p = 0.5593). No significant associations were found 

between iohexol GFR and time since donation, as illustrated in Figure 3B. 

 

Kidney Parenchymal Volume Estimates 

A 65% increase in the single-kidney parenchymal volume was measured in donors 

(mean, 263 mL; SD, 43) compared with healthy control subjects (mean, 159 mL; SD, 

20). Accordingly, a 78% increase in single-kidney GFR, a 54% increase in renal blood 

flow, and a 51% increase in renal plasma flow were found in donors compared with 

the control group (Table 2). Significant differences in filtration and perfusion estimates 
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between the two groups diminished when parameters were normalized to the renal 

parenchymal volume (i.e., presented as tubular flow, renal blood flow, and renal 

plasma flow in units of mL/min/100 mL). Figure 4 illustrates how the measured renal 

blood flow equalizes between the two groups relative to the renal parenchymal 

volume. Further, the filtration fractions were determined, and there were no significant 

differences in filtration fractions between donors (mean, 20%; SD, 4%) and healthy 

control subjects (mean, 18%; SD, 7%). Figure 5 shows high Pearson correlation 

coefficients between renal parenchymal volume and iohexol GFR (r = 0.694, p = 

0.0007), estimated GFR (r = 0.764, p < 0.0001), MRI-based GFR (r = 0.658, p = 

0.0016), and renal blood flow (r = 0.656, p = 0.0017) in donors. 

 

Agreement Between MRI-Derived Glomerular Filtration Rates and Reference 

Iohexol Glomerular Filtration Rates 

The mean difference between MRI-based GFRs and the reference iohexol GFRs was 

14.0 mL/min (SD, 19.5), and the limits of agreement (± 2 SDs) ranged from –24.1 to 

52.1 mL/min (Fig. 6). The strength of correlation to iohexol GFR was similar for MRI-

based GFR (r = 0.75, p < 0.0001) and creatinine level–based estimated GFR (r = 0.78, 

p < 0.0001) (Table 3). Regardless of the strong Pearson correlation coefficients 

between the three independent GFR measurement methods, the absolute agreement in 

the paired GFR measurements, as tested by the ICC, was considerably higher for 

estimated GFR (ICC = 0.73) than for MRI-based GFR (ICC = 0.49). The Bland-

Altman plot illustrates this systematic trend in which lower GFR values provide better 

accordance between the methods than higher GFR values (Fig. 6).  

Significant positive Pearson correlation coefficients were found between the absolute 

difference of the paired iohexol GFR and MRI-based GFR measurements and both 

tubular flow (r = 0.648, p = 0.0020) and the physiologic independent parameter of 

renal blood flow (r = 0.49, p = 0.0293). 

According to National Kidney Foundation guidelines, at least 90% of GFR 

measurements should lie within 30% of the reference method. In our study, 85% (17 
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donors) of the MRI-based GFRs were within 30% of the reference iohexol GFR values 

(Fig. 7). 
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Discussion  
The results of this cross-sectional renal DCE-MRI study of 20 living kidney donors 

and 20 healthy control subjects show a significantly higher renal blood flow, GFR, and 

renal parenchymal volume in the remaining kidney of donors compared with the 

single-kidney values of healthy control subjects; these results are compatible with 

a normal postnephrectomy renal functional reserve [7]. The proportional increases in 

blood flow and GFR yield a filtration fraction in the remaining kidney of donors that is 

not different from the filtration fraction in a single kidney of control subjects. In 

addition, when renal blood flow was normalized to parenchymal volume, no 

significant differences were found between the groups. In donors, MRI-based GFR 

and renal parenchymal volume were highly correlated with iohexol GFR. Thus, 

normal physiologic long-term regulation of renal blood flow and GFR was observed in 

healthy living kidney donors up to 17 years after nephrectomy. These results indicate 

that MRI-based GFR could be a useful GFR imaging biomarker and also that DCE-

MRI–based renal parenchymal volume might be used as a surrogate measure for renal 

function. Furthermore, the combined measurements of renal blood flow and GFR on 

DCE-MRI have potential for future earlier diagnostic and prognostic assessments of 

subclinical vascular progressive disease and of the effect of vasoactive medications in 

the careful follow-up of marginal kidney donors and kidney recipients (e.g., elderly 

patients and hypertensive patients). Further validation of DCE-MRI is needed to assess 

the benefit and need to implement this imaging method as part of routine follow-up. 

 

A normal adaptive renal functional response to nephrectomy involves an immediate (< 

1 week) increase of approximately 40% in renal blood flow and GFR [31, 32]; these 

changes are sustained through the early postdonation (≈ 1 year) and late postdonation 

(≈ 6 years) periods [33]. The age-related decline in GFR, primarily initiated after the 

age of 40 years, is shown to be approximately1 mL/min/y [34–36]. In our study, we 

found a significant correlation between donor age and iohexol GFR. However, no such 

correlation was found between time since donation and iohexol GFR, supporting 

findings of a normal filtration fraction.  
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In general, little is known about the long-term effects of kidney donation on donor 

renal function compared with the short-term effects, and MRI research on this issue is 

scarce. Our DCE-MRI results in living kidney donors are consistent with DCE-MRI 

results showing renal functional adaption in the contralateral kidney after nephrectomy 

for renal cancer: Su et al. [37] reported a 43% and 66% correlational increase in renal 

blood flow and parenchymal volume, respectively. Adaptive renal response in living 

kidney donors has recently been studied using other MRI techniques, such as ASL [7], 

DWI [2], and unenhanced MRI [8]. Cutajar et al. [7] used ASL and reported increases 

in donor renal volume (range, 10–29%), renal plasma flow (range, 0–33%), and GFR 

measured using 51Cr–ethylenediamine tetraacetic acid (range, 24–75%) 1 year after 

nephrectomy. Consistent with our findings, Cutajar and coworkers observed no 

difference in renal plasma flow or GFR when parameters were normalized per 100 g 

(100 mL) of parenchymal volume. Eisenberger and colleagues [2] reported early 

adaptions in the remaining kidney of donors in terms of reduced apparent diffusion 

coefficient values and increased estimated GFR and found no significant correlation 

between the two methods. Song et al. [8] recently reported that an immediate increase 

of 24% (mean) in renal parenchymal volume shown on unenhanced MRI was 

significantly correlated with estimated GFR.  

 

Subject age, time since kidney donation, and general health status could influence 

renal function, and variations in sample characteristics between studies could 

complicate direct comparison of results. Furthermore, comparing functional 

characteristics across different MRI techniques (e.g., DCE-MRI, ASL, and DWI) 

introduces challenges due to inherent differences in the properties of the MRI signals. 

As for ASL-derived renal plasma flow measurements (range, 190–312 mL/min) in 

living kidney donors [7], a considerable difference in range was found compared with 

those derived from DCE-MRI (range, 310–696 mL/min). The lack of noninvasive 

reference standards for measuring renal plasma flow and renal blood flow complicates 

direct comparisons. 

 



15 
 

Strong correlations between MRI-derived GFR and parenchymal volume and between 

MRI-derived GFR and the reference iohexol GFR emphasize the clinical value of 

DCE-MRI. Strong correlations between MRI-based GFR and reference methods have 

previously been reported [16, 18, 38]. However, evidence of their absolute agreement 

is less documented. Our results indicate that achieving good accuracy in MRI-based 

GFR estimates is still challenging, as expressed by the lower ICC value and wider 

limits of agreement than those found between iohexol GFR and estimated GFR (Table 

3). Higher bias at higher GFR values (Fig. 6) may be explained in part by irregularities 

in signal intensity–to-concentration conversion due to potential T2* effects when 

assuming a linear relationship at all gadolinium concentrations. However, the effect of 

T2* weighting was reduced by using a short TE and a low contrast agent dose but 

needs to be investigated further. All steps from acquisition to pharmacokinetic 

modeling would influence the precision of renal functional measurements. Further 

validation of DCE-MRI is needed to assess the benefit and need to implement this 

imaging method as part of routine follow-up.  

 

The close relationship between renal parenchymal volume and renal function has been 

described in the literature with regard to the use of several imaging techniques, such as 

unenhanced MRI [8, 39], CT [24, 40], and ultrasound [41]. Physiologically, the 

compensatory hypertrophy in the remaining kidney of donors is associated with an 

increase in both glomerular corpuscular and glomerular capillary volumes [33, 42]. 

Performing parenchymal volume estimations using DCE-MRI would probably reflect 

more precisely the adaptive functioning parenchyma than using unenhanced 

techniques. However, using renal volume as a surrogate measure of renal function 

would not reflect other causes of renal functional changes than volume, and the 

clinical use of this surrogate measure should be used with this limitation in mind.  

 

Our study has several limitations. Besides a small study cohort, the study setup 

involved subject samples not matched by age, and the donors were older than the 

control subjects. Because we do not have longitudinal data on renal function in the 

donors, the individual renal reserve and absolute renal reserve in the remaining kidney 
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are not measureable. Moreover, a potential selection bias is present because only 

healthy renal donors are included, thus reducing the generalizability of our results to 

living kidney donors. Further research on the clinical value of DCE-MRI in living 

kidney donors should focus on longitudinal studies including the pre- and post-

nephrectomy stages. 

 

In conclusion, the findings in our study show that DCE-MRI can be used to measure 

structural and functional differences in the single kidney of donors and healthy control 

subjects. Donors showed significantly higher single-kidney renal blood flow and GFR 

than control subjects, and these changes were accompanied by an increase in renal 

parenchymal volume. Consistent with an expected renal reserve after nephrectomy, a 

normal filtration fraction comparable to that of healthy control subjects was measured 

in donors up to 17 years after nephrectomy. Moreover, a strong correlation was found 

between MRI-based GFR and iohexol GFR. However, MRI-based GFR achieved 

moderate absolute agreement with iohexol GFR, indicating a need for further 

validation of the DCE-MRI method. Providing both clinically relevant measures and 

joint access to structural and functional measures, DCE-MRI emerges as a valuable 

tool for individualizing clinical workup and characterizing potential early kidney 

damage in living kidney donors. 
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Tables 

 

Table 1 Demographic and Laboratory Data for the Donors and Healthy Control 

Subjects 

Variable Donors Healthy Control 

Subjects 

No. of subjects 20 20 

Sex (no. of subjects)  

   Female 

   Male 

Mean age (y) 

 

9 

11 

51 (38-67) 

 

16 

4 

25 (20-38) 

Mean body surface area (m2) 1.93 (1.67-2.16) 1.77 (1.51-2.00) 

Mean body mass indexa 25.7 (17.6-32.7) 22.6 (18.0-27.0) 

Serum creatinine level (μmoL/L) 88 ± 11 b 70 ± 15b 

Erythrocyte volume fraction 0.42 ± 0.03b 0.41 ± 0.03b 

Mean interval between transplantation 

and renal function assessment (y) 

9 (2-17) 

 

 

 

Note - Numbers in parenthesis are ranges. 

a Weight in kilograms divided by the square of height in meters. 

b Mean ± SD. 
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Table 2 Total and Single-Kidney Function Measurements From Dynamic Contrast- 

Enhanced MRI and Serum Markers for Donors and Healthy Control Subjects. 

  Mean Value (SD)   
  

 
 
Kidney Function 
Measurement  

 
 
Donors 

 

 
Healthy 
Control 
Subjects 

 

 
Difference 
in Mean 
Values 

% 

 
 
 
 

pa  

T
ot

al
 k

id
ne

y 
  

Iohexol GFR (mL/min) 
 

84 (13) 
 

105 (10) 
 

-20 
 

<0.0001 
Estimated GFRb (mL/min) 88 (18) 112 (17) -21 <0.0001 
Serum creatinine (μmoL/L) 
MR total-GFR (mL/min) 

88 (11) 
98 (26) 

70 (15) 
109 (25) 

26 
- 10 

<0.0001 
0.188 

Si
ng

le
 k

id
ne

y 
 

 

MRI-based renal 
parenchymal volume (mL) 

263 (43) 159 (20) 65 <0.0001 

MRI-based GFR (mL/min) 98 (27) 55 (13) 78 <0.0001 
MRI-based Ft 
(mL/min/100mL) 

37.2 (7.6) 34.4 (7.9) 8 0.244 

MRI-based Fb  

   Nonnormalized units      
   (mL/min) 

 
866 (330) 

 
562 (151) 

 
54 

 
0.001 

   Normalized units to per   
   unit of renal mass  
    (mL/min/100mL) 

325 (88) 353 (82) -8 0.312 

MRI-based Fp  
   Nonnormalized units      
   (mL/min) 
   Normalized units to per   
   unit of renal mass  
    (mL/min/100mL) 

 
503 (193) 

 
189 (54) 

 
333 (91) 

 
209 (48) 

 
51 

 
-10 

 
0.001 

 
0.227 

     
MRI-based filtration 
fraction (%) 

20 (4) 18 (7) 11 0.157 

 

Note – Single-kidney measurements in the healthy control group are based on 
averages from 40 split kidneys (20 subjects). In donors, the total kidney GFRs and 
single-kidney GFRs are equal. Ft,= tubular flow, Fb = renal blood flow, Fp = renal 
plasma flow.  
a Student t test, differences in mean values. 
b Estimated GFR (serum creatinine clearance) was determined using the Chronic 
Kidney Disease Epidemiology Collaboration equation according to [27]. 
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Table 3. Agreement Between the Measured Total Glomerular Filtration Rate (GFR) in 

Donors Using Dynamic Contrast-Enhanced MRI Compared With Reference Iohexol 

GFR and Estimated GFRa. 

Total GFR 

 

GFR Methods 

being compared 

 

 

rb (p) 

 

 

 

ICC 

 

 

0.49 

 

 

0.56 

 

 

0.73 

 

Mean 

difference 

(mL/min) 

 

Limits of 

Agreementc 

(mL/min) 

  

0.75  

(<0.0001) 

 

0.66 

(0.0016) 

 

0.78 

(<0.0001) 

 

MR-GFR – 

iohexol-GFR 

14.0 [-24.1 , 52.1] 

 

MR-GFR – 

eGFR 

 

10.3 

 

[-29.8 , 50.3] 

 

Iohexol-GFR – 

eGFR 

 

3.7 

 

[-18.6, 26.0] 

 

Note – ICC = intraclass correlation coefficient 

aEstimated GFR (serum creatinine clearance) was determined using the Chronic 

Kidney Disease Epidemiology Collaboration equation according to [27]. 

bPearson correlation coefficient.                                                                                     
bMean ± 2 SDs.
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Figures 

 

 

 

Fig. 1 - Flow diagram shows study design and tests to measure glomerular filtration 

rate (GFR). DCE-MRI = dynamic contrast-enhanced MRI. 
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Fig. 2 - Comparison of iohexol glomerular filtration rate (GFR) and MRI-based 

measurements. 

A and B, Graphs show iohexol GFR (A) and MRI-based GFR (B) measurements of 

donors and control subjects (squares). Solid lines indicate mean GFR values, and 

diamonds show 95% CIs. Outer dashed lines represent mean ± 2 SD. 
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Fig. 3 - Relationship between donor iohexol glomerular filtration rate (GFR) and 

donor age and time since nephrectomy. 

A and B, Graphs show relationships between donor iohexol GFR and age (A) and 

between donor iohexol GFR and time since nephrectomy (B). Numbers by data points 

(small squares) correspond to unique subject number. Large squares show median 

iohexol GFR; first quartile (lower dashed line) and third quartile (upper dashed line) 

GFR values are shown.  
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Fig. 4 - Comparison of dynamic contrast-enhanced MRI (DCE-MRI) -measured renal 

blood flow of donors and control subjects. 

A and B, Graphs show DCE-MRI-measured blood flow as flow rate per minute 

(mL/min) (A) and as perfusion per 100 mL renal parenchyma (mL/min/100mL) (B) in 

donors and control subjects. Solid lines indicate mean values, and diamonds show 

 95% CIs. Dashed lines represent mean ± 2SD. 
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Fig. 5 - Correlation plots between renal parenchymal volume (y-axis) and glomerular 

filtration rates (GFRs) and renal blood flow in donors. 

A-D, Correlation plots between renal parenchymal volume (y-axis) and iohexol GFR 

(A), estimated GFR (B), MRI-based GFR (C), and renal blood flow (D). Numbers by 

data points (squares) correspond to unique subject number. Dashed lines indicate 

95% level bivariate normal density ellipsoids of the linear correlation. Plus signs 

indicate ellipsoid centers. 
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Fig. 6 - Bland-Altman plot shows agreement between reference iohexol glomerular 

filtration rate (GFR) and MRI-based GFR measurements.  

Solid line shows mean difference (bias) between measurement methods, and lower and 

upper dashed lines represent limits of agreement (mean ± 2SD). 
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Fig. 7 - Scatterplot shows correlation between donors’ single kidney MRI-based 

glomerular filtration rates (GFRs) compared with iohexol GFRs.  

Allowable difference bands defined at 10 %, 30 %, and 50% are shown. Solid line 

defines zero bias, and dashed lines defined by arrows show interval of allowable 

difference between two GFR measurement methods. 
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Abstract

Background: Estimation of the glomerular filtration rate (GFR) using dynamic
contrast-enhanced imaging (DCE-MRI) requires a series of post-processing steps.
In each step, one may choose among several different processing methods. Thus,
the possible number of distinct post-processing chains is large and grows rapidly
with increasing number of processing steps or options. In this study we introduce
a framework for systematic evaluation of the post-processing chains. The
framework will be used to highlight the processing chain sensitivity towards
accuracy in GFR estimations, and tested on a combined study involving
DCE-MRI and iohexol clearance.

Methods: Twenty healthy volunteers underwent DCE-MRI examinations as well
as iohexol clearance for reference GFR measurements. In total, 96 different
combinations of post processing steps were explored for kidney segmentation,
placement of arterial input function, gadolinium concentration estimation as well
as handling of motion-corrupted volumes in the kidney. The pharmacokinetic
modeling was performed using a two-compartment model. The evaluation of
various processing chains is presented using a classification tree framework. This
framework classify the processing chains into groups according to fit to the
iohexol refinance.

Results: Among the processing steps subject to testing, the estimation of
gadolinium concentrations from the image signal had the largest impact on
accuracy of GFR estimations. Different segmentation methods did not play an
important role in the post-processing of the MR data.

Conclusion: The classification trees efficiently reveal important and
inconsequential processing steps. The choice of method for estimating gadolinium
concentration plays a key role in GFR estimations from DCE-MRI. Thus, careful
studies of this particular processing step must be included in future attempts to
develop DCE-MRI into a valid diagnostic tool

Keywords: DCE-MRI; Glomerular Filtration Gate (GFR); Post-Processing

1 Introduction
The assessment of renal function from dynamic contrast-enhanced MR imaging

(DCE-MRI) has for the last decades become an increasingly important field of

research. Compared to dynamic non-contrast enhanced MRI techniques such as dif-

fusion weighted imaging (DWI), blood oxygen level dependent (BOLD) or arterial

spin labeling (ASL), DCE-MRI enables quantification of the glomerular filtration

rate (GFR), which is the most important measure of kidney function. In clinical

practice, GFR is determined using serum creatinine clearance (SCr), or alterna-
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tively and more accurately using clearance of an exogenous serum substance such

as iohexol (iohexol-GFR) [1].

Several technical challenges related to both acquisition and post-processing have

postponed the introduction of DCE-MRI into clinical practice as MR methods not

yet provide the acceptable level of accuracy and precision required for quantita-

tive measures of MR-GFR in the clinic [2]. However, several studies emphasize the

benefits of DCE-MRI to determine both single and total kidney GFR [3, 4, 5]. Ad-

ditionally, pharmacokinetic modelling of DCE-MRI data enables quantification of

single kidney perfusion characteristics as well as volume-estimates. By these means,

DCE-MRI could provide clinically valuable and complementary information of kid-

ney function in addition to blood tests. With improvements in the DCE-MRI tech-

nique, accurate and reproducible functional kidney measurements could be achieved,

which are prerequisites for clinical application.

Several studies have been devoted to development of specially suited MR-

sequences and acquisition protocols constantly improving the quality of the MR

data [3, 6, 7] and the corresponding pharmacokinetic modelling [8, 9, 4, 10, 5, 11].

Previous studies also include considerations about choice of MR contrast agents [5],

optimal tracer dosage [12], and patient breathing protocols [13]. In this work we will

focus on the post-processing part of the DCE-MRI technique. For further details

on technical and practical aspects of DCE-MRI analyses we refer to e.g. [11].

For evaluation of accuracy of the proposed post-processing chains we compare the

obtained MR-GFR estimates with a reference method for total GFR. In contrast

to the creatinine based GFR estimate (eGFR), the more accurate iohexol clearance

method is widely used for research purposes and is an accepted alternative to the

gold standard of urinary inulin clearance [1]. In healthy kidneys the coefficient of

variation of iohexol-GFR has been found to be in the range of 2.2-6.9% [14, 15, 16],

and is used as a reference method for total GFR in this work.

Based on a given cohort, and a given MR-protocol, our goal is to develop a

framework suited to determine the impact of different post-processing steps on

the final pharmacokinetic modeling. Some of these processes have been thoroughly

studied in earlier works. In [17, 18], the significant effect of AIF size is studied.

Further, the work in [19] describes the effect of image registration, and a wide range

of works addresses the choice of pharmacokinetic models [20, 21, 22, 23]. Remaining

processing steps, i.e. treatment of distorted image volumes, estimation of T1 times

and kidney and AIF ROI placement will be studied using the proposed framework.

This framework is based on decision trees where all possible combinations of post-

processing steps are studied simultaneously. The accuracy of each distinct processing

chain is measured by the intraclass correlation coefficient (ICC) of MR derived GFR

to iohexol measurements for all subjects in the study.

The modeling process can be subdivided into several steps, as displayed in Figure

1, where the steps subject to further investigation in this work are highlighted with

gray boxes. First, the smooth displacement of image volumes over time, arising

from patient motion and breathing, can be corrected for using image registration

methods. This step leads to stationarity of the organs over time, such that the time

series are not corrupted by information from surrounding tissue. The subsequent

processing steps are deeply explored in this work. In the following, the numbering

(i)-(v) in the text refers to the processing steps depicted in Figure 1.
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Image volumes heavily distorted by MR acquisition artifacts due to motion can

be left out from further processing, both for the kidneys (i) and for the aorta (ii), or

only for one of these regions separately. Using different time spacing for the kidney

and the aorta is handled by interpolation of the data to a common time spacing.

If the patient motion and respiration pattern to some extent is smooth and the

signal is not distorted by motion, this step may be omitted. The next step is to

select relevant regions of interest (ROIs), i.e. a mask for the kidney (iii) and for a

relevant part of the aorta (iv). The ROIs are used to extract average time series

representing the kidney and arterial input function (AIF), respectively. A wide range

of image segmentation methods can be used for this task [24, 25, 26]. Furthermore,

T1 values can be calculated either from the MR signal, or using T1 literature values.

From these maps the gadolinium concentration can be computed, the gadolinium

concentration can be modeled by relative signal enhancement (v), or one can apply

various combinations of these options. Finally, not subject to extensive testing in

this work, the average time series from the kidney and the AIF serve as input for

a pharmacokinetic modeling process, resulting in estimates for both perfusion and

GFR. All these processing steps together form the post-processing procedure of

DCE-MRI.

The aim of this paper is two-fold. Initially, we want to identify crucial factors in

the processing pipeline for estimating accurate MR-GFR estimates. Furthermore,

we suggest to apply classification trees as a framework to study the effect of various

processing steps in the DCE-MRI analysis for GFR estimation.

2 Material and Methods
2.1 Data acquisition protocol

In the current work we apply image data from a study of accuracy and precision

of DCE-MRI at Haukeland University Hospital in 2014. Our institutional research

committee approved the study and all patients gave their written informed consent.

Twenty healthy volunteers underwent DCE-MRI examinations and serum biochem-

istry of iohexol clearance for reference GFR measurements [27]. The volunteers were

asked to lightly standardize their diet and hydration level before all examinations

in order to obtain a stable physiological state.

DCE-MRI examinations were performed on a 32-channel 1.5 T whole-body scan-

ner (Siemens Magnetom Avanto, Siemens Medical Solutions, Erlangen, Germany)

with a gradient strength of 45 mT/m and a slew rate of 200 mT/m/ms. The MR-

protocol was established based on an earlier study on fast acquisition techniques for

DCE-MRI [3]. Standard phased-array coils were used for signal reception. Coronal-

oblique DCE-MRI volumes were continuously acquired using spoiled gradient re-

called (SPGR) 3D fast low angle shot (FLASH) pulse-sequence with the following

specifications: TE=0.8 ms, TR=2.36 ms, FA= 20◦, parallel imaging factor 3. Each

volume was acquired every 2.3s for approximately 6 minutes with a voxel-size of

2.2×2.2×3 mm3 and a matrix size of 192×192, covering the kidneys and the aorta. A

bolus injection of 0.025 mmol/kg of GdDOTA (Guerbet, Roissy CgG Cedex, France)

was administered at 3 mL/s through a 20-G needle placed in an antecubital vein

using an automated power injector (OptistarLE, Mallinckrodt, Dublin/Ireland), fol-

lowed by a 20 mL saline flush. Five seconds after injection of contrast agent the
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subjects were instructed to hold their breath for 26 s for motion-free first pass per-

fusion. Subsequent instructions on 15 s breath holds and 25 s free-breathing were

given during the continuous scan. Subjects were provided with 1 L/min of oxygen

(O2) through a nasal cannula to ease breathing.

2.2 Image registration

Both breath-hold volumes and full time series were co-registered in space across

different time points using a non-parametric automated registration method with

normalized gradients as cost function, implemented in MATLAB [25]. The regis-

tration removed a majority of motion artifacts due to breathing present within the

breath-hold time points. The time points sampled during free breathing in the full

times series were also subject to registration, even though some volumes were cor-

rupted by motion-induced reconstruction errors and had insufficient information to

be adequately well aligned by the registration procedure.

2.3 Handling of motion corrupted volumes

Time points impaired by motion-induced reconstruction errors from breathing were

partly corrupted and one option was therefore to omit those volumes from further

analysis. Thus, we obtained two options, either full time series (Figure 1, steps (i)

and (ii), option a), or to use breath-hold volumes only (Figure 1, steps (i) and (ii),

option b).

2.4 Kidney segmentation

The kidney ROI selection was performed using two different segmentation methods.

One approach is semiautomatic, performed within the PMI software package [28],

and one approach is fully automatic. In the semiautomatic method, maps of area

under each pixel curve (AUC) were used to semi-automatically localize and define

each single kidney (SK) region (Figure 1, step (iii), option a). Threshold levels,

typically at 7-10 % of maximum AUC were set manually to exclude voxels of sur-

rounding tissue and noise. The semiautomatic segmentation was performed twice,

where in the second run, thresholds were also set at peak AUC values, standard-

ized at 45 % of maximum AUC, to exclude brightest voxels in the collecting duct

due to contrast enhancement in late excretory phase (Figure 1, step (iii), option

b). Manual intervention ensured elimination of voxels that were clearly outside the

kidneys. This was done to avoid non-functional voxels on filtration quantification,

as they are not accounted for in the pharmacokinetic model.

As an alternative to the manually set threshold values in the semiautomatic

method, we applied an automatic version of the Chan-Vese segmentation algorithm

[29] on the AUC map (Figure 1, step (iii), option c). The algorithm detects a segmen-

tation contour that maximizes the difference between foreground and background

while at the same time keeping a smooth contour. The method can be compared to

methods for automatic threshold selection, i.e. Otsu’s method [30] or the k-means

method [31], but with an extra regularization of the contour length. Example ROIs

created by all three segmentation methods are shown in Figure 2.
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2.5 AIF placement

The arterial input function (AIF) was defined semi-automatically with either prox-

imal or distal placement (Figure 1, step (iv), options a-b). The masks where found

using thresholds on maximum enhancement maps by selecting the 10-20 brightest

voxels located in mid coronal and in middle rows along the long axis inside the

distal or proximal part of the aorta, respectively. The distal/proximal placement

was expected to have different properties with respect to inflow artifacts on the

signal, while choice of middle row was selected to avoid voxels connected to vessel

wall potentially involving partial volume effect.

2.6 Signal to concentration estimation

The MR signal only contains relative intensity values, and no direct information

about the absolute concentration of gadolinium in the tissue is available. For rel-

atively low concentrations the linear approximations for estimating Gd concentra-

tions [32, 5]

R1(t) = R10
S(t)

S0
(1)

C(t) =
R1(t)−R10

r1
(2)

can be combined to yield the relative signal enhancement

C(t) =
R10

r1

(S(t)− S0

S0

)
. (3)

Here, R10 is the pre-contrast relaxivity, r1 is the tracer relaxivity, S(t) is the ob-

served signal curve and S0 is the pre-contrast signal. Assuming equal relaxation

times for the kidney tissue and arterial blood, the proportionality constant R10 will

scale out in the compartment model and the value of R10/r1 is therefore arbitrary.

In this way we computed relative signal enhancement by fixing R10/r1 = 1 (Figure

1, step (v), option a) Alternatively, literature values of the R10 relaxation rate can

be applied for both kidneys and the arterial blood, and then applying (3) (Figure

1, step (v), option b). For this approach we used literature values of T10 = 1150 ms

within the kidneys, computed as a volume weighted average between the T10 times

reported for cortex and medulla, and T10 = 1350 ms within the aorta for whole

blood [33]. Moving away from literature values, the relaxivity is normally stable

across various tissue types and the pre-contrast relaxation rate R10 can be mea-

sured by various means although the reliable estimation of R10 is error-prone due

to noise and motion artifacts. Relating pre-contrast relaxation time T10 with R10,

we computed T10 pre-contrast intensity maps by the variable flip angle method [34]

(Figure 1, step (v), option c). As a last alternative, (Figure 1, step (v), option d) we

combined the variable flip angle approach of T10 values for the kidneys with T10 lit-

erature values for the aorta in order to minimize inflow artifacts particularly present

in the AIF. For all three options (b-d) the pre-contrast relaxivity was computed as

R10 = 1/T10, and (3) was used to estimate the gadolinium concentrations.
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2.7 Pharmacokinetic modeling

A two-compartment filtration model described by Annet and Sourbron [20, 35] was

applied for tracer kinetic modeling. Starting from signal concentrations the four

parameters of plasma volume (VP ), plasma transit time (TP ), tubular flow (FT ),

and tubular transit time (TT ) was determined. The perfusion parameter plasma

flow (FP ) was further determined from VP and TP according to the equation

FP = VP /TP . The glomerular filtration rate (GFR) was calculated from FT as

FTV with V the whole kidney volume. The whole kidney volume was known from

the segmentation. The estimate of total GFR was calculated as the sum of GFR for

each of the kidneys.

2.8 Framework for systematic evaluation

The impact of various options within each processing step was studied using different

statistical tools. As a starting point, the full post-processing chain described in

Figure 1 was performed for all options, resulting in 4 (Handling of motion corrupted

volumes for kidney and AIF, steps (i)-(ii)) × 3 (Kidney segmentation, step (iii)) ×
2 (AIF placement, step (iv)) × 4 (Signal to concentration estimation, step (v)) =

96 distinct processing chains in the statistical evaluation.

MR-GFR measurements from all the 96 processing chains where evaluated in

terms of accuracy and precision by comparing the obtained values to the refer-

ence method iohexol-GFR. The comparison was performed by two different mea-

sures, intraclass correlation coefficient (ICC) [36] and mean absolute deviation

(1/20)
∑20

i=1 |GFRi
MR −GFRi

Iohexol| where the index i is running over the subjects.

The evaluation represents a multidimensional data set. In order to extract rele-

vant information from the dataset, we propose to clearly state the importance of

the different processing steps by representing the 96 processing chains using binary

classification trees. These trees are generated by grouping the results in three cat-

egories by their level of agreement with the reference method. We propose to use

three categories: Good, Moderate and Poor and assign the unique processing chains

to the groups by thresholding at given percentiles of scorings. These threshold values

will impact the structure of the decision trees and may i.e. be set based on the ap-

pearance of the scoring histogram, general quality requirements, or based on other

assessments. The thresholds can also be placed automatically to maximize the data

fit to the decision trees. In the current study we observed a large variance in the

scoring histograms with a large amount of processing chains in the lower regime.

As a first approach, it was therefore natural to choose strict thresholding levels

instead of automated threshold values. We chose to threshold the Good group at

15% and the Moderate group at 30%. Furthermore, we also report the thresholding

levels required to optimize the data fit to the decision trees. The decision trees were

constructed using a standard classification routine in MATLAB (CLASSREGTREE),

with default parameter settings and constrained to have a minimum leaf size of five.

3 Results
A representation of the results in the proposed framework is found in Figure 3.

Here the thresholding levels for the scoring categories are set at 15% and 30%

for the categories ’Good’ and ’Moderate’ respectively. The decision tree for the
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corresponding scoring categories is shown in Figure 4. The analysis states that the

choice of method for approximating the gadolinium concentration is by far the most

important step in terms of both absolute difference and correlation. We further see

that the AIF placement may be favourable in the distal position, although at a

lower level of significance. Further, the remaining steps, i.e. segmentation method

and removal of corrupted time series do not appear to have a significant impact

on the result. The results for absolute differences and ICC scores are consistent.

Bland-Altman plot for the best combinations of processing step is shown in Figure

5 (corresponds to the combination of processing steps marked with bold in Table

1).

We also adjusted thresholding levels for the scoring groups to achieve better fit

to the classification threes. The optimal threshold levels (’Good’/’Moderate’) were

found to be 25%/41% and 37%/63% for absolute differences and ICC scoring respec-

tively. The corresponding decision trees are displayed in Figures 6 and 7. These trees

are not identical to those found at 15%/30% thresholds, but they clearly indicate

the same trend. Mean absolute difference and ICC across the subjects for all the

studied post-processing chains are presented in Table 1 (supplementarey material)

for each of the options in the processing chain. Best combination is marked with

bold, both in terms of ICC and absolute differences with respect to iohexol-GFR.

4 Discussion and Conclusions
In this work we have studied the effect of five different post-processing steps of DCE-

MRI data for estimation of GFR. All possible combinations of processing options

in the five steps gave rise to 96 possible unique processing chains. The classification

tree framework clearly highlights the estimation of gadolinium concentrations from

the MR signal as the single most important predictor of the outcome of the post

processing. In the analysis, all experiments based on literature values for relaxation

times were found in the categories Poor or Moderate. The poor performance using

literature T1 values can be ascribed to several factors. One possible reason can be

the relatively large discrepancy in literature T1 values for renal cortex and medulla,

and even for full blood, both in terms of average and range. Bokacheva et al. [21]

reported T1 values in cortex of approximately 700 ms to 1100 ms, and correspond-

ingly for medulla 1250 ms to 1600 ms within six healthy volunteers. Cox et al. [33]

found within a group of younger healthy volunteers a mean ± stdev T1 of 950± 40

ms in the renal cortex and 1210 ± 60 ms in the renal medulla. Furthermore, scan-

rescan studies with inter-day acquisitions reveal coefficients of variation of CV =

3.7% and CV = 5.2% for the cortex and medulla, respectively [33].

Regarding blood T1 values, Piechnik et al. [37] reported a myocardial T1 average

of 1535 ± 76 ms and 1515 ± 91 ms for the left and right ventricle blood, respec-

tively. They also showed that T1 times are strictly depending on age, gender, partial

volume effects, height, weight, BMI, as well as hematocrit, with an age range of ap-

proximately [1430, 1626] ms for the left or right ventricle pool. In contrast, Buschong

and Clarke [38] refer to whole blood T1 values of approximately 1350 ms.

The reported variations on measured T1 times suggest that the usage of common

literature T1 values for GFR estimations can be error prone on a subject basis.

This is in accordance with our results for T1 literature values. Instead, we suggest a
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more thorough exploration of subject specific T1 maps in future studies, addressing

several factors of the abovementioned variability for T1 estimates.

The use of full time series as an alternative to the removal of heavily distorted

image volumes between the breath-holds showed a limited effect on the accuracy.

It is reasonable to assume that heavy motion artifacts and displacements not ac-

counted for by the image registration may occur around the kidney ROI, but not to

the same extent around the arterial ROI situated close to the stationary columna.

However, our experiments did not indicate that the removal of motion corrupted

volumes had a significant effect for any of the ROIs. This may be due to the size of

the ROIs. When only a single time series is estimated by averaging over a large ROI,

the result will be less prone to local errors in the image. The same reasoning can be

used for the sensitivity to the segmentation method. There is not any apparent dif-

ference between the methods in terms of accuracy of the GFR estimate. This result

is important in the sense that it opens up for an automatic and less time-consuming

segmentation of the kidneys. It can also be noted that for the current pharmacoki-

netic model, the inclusion of non-parenchymal voxels in the kidney pelvis will not

play an important role for GFR estimations, but will certainly influence measured

kidney volume.

The current study is based on a single, relatively homogenous cohort of healthy

volunteers and we did not test the effect of other important processes like the

MR-acquisition protocol and the pharmacokinetic model. Thus, our experiments

and evaluation framework cannot rule out that these or possibly other factors may

play an important role in the processing chain. We also expect that a more nuanced

decision tree will be achievable in larger sample sizes. Still, we have reason to believe

that our findings regarding the sensitivity of the concentration estimation and lack

of sensitivity to the ROI segmentation, will be relevant in studies with other MR

protocols and/or more involving modeling, as none of the results appear to be

directly method dependent. Furthermore, we believe that the segmentation method

will possibly play an important role in cases with smaller and more tissue specific

ROIs.

The distribution of performance for different processing chains will clearly impact

the final result through the thresholding levels for the classification groups. In the

current study we have large variation of scorings and some of the processing chains

produce results of low quality (as seen in histograms of Figure 3). The primary

thresholding levels for the classification groups are therefore set relatively low, re-

sulting in a large Poor group and relatively small Good and Moderate groups. At

the same time we observe that the same trends are reported when the thresholds

are increased in order to maximize the data to tree fit. We interpret this as sign of

robustness of the result and the proposed framework for evaluation.

We observe a linear shift in the Bland-Altman plot of MR-GFR versus iohexol-

GFR, which was present in all Bland-Altman plots (only shown for one of the

plots here), and is therefore probably not explained by any of the current variables

subject to investigation in this work. This shift may be caused by error sources

either in the MR-protocol, different levels of inflow artifacts in the aorta depending

on the subject height, or by fundamental simplifications of the pharmacokinetic

model leading to larger errors for larger absolute values of GFR.
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Based on our results, we claim that in the further development of a clinically

available MR estimation of GFR, much effort should be put into the development

of accurate models that can both deal with complex renal processes within the

kidney, and at the same time account for the difficult task of estimating correct

concentrations of the contrast agent within specific subjects.
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Full page figure listing all processing chains. The combinations of post-processing steps are presented together with

the evaluation score (compared to iohexol reference).
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Figure 1 Various steps and choices in the processing chain for DCE-MRI analysis of kidney
functionality. The steps subject to further considerations in this study are marked with gray boxes.
The total number of combinations from the various steps leads to 96 explicit processing chains
that we compare to the reference measurements of iohexol-GFR.

Figure 2 Kidney segmentations used in the comparative analysis shown for one participant,
corresponding to step (iii) in Figure 1. (A) One time point of the DCE-MRI sequence. (B)
Semi-automatic segmentation aiming for parenchymal only (step (iii), option a). (C)
Semi-automatic segmentation including pelvis (step (iii), option b). (D) Automatic segmentation
parenchymal only (step (iii), option c).

Figure 3 Histogram for level of agreement with the reference method scoring categories set to
15% and 30% for ’Good’ and ’Moderate’ groups, respectively. Left: Absolute difference. Right:
ICC score. The best mach between MR-GFR and iohexol-GFR shows an absolute deviation of
17.3ml/min and an ICC score of 0.3147. Negative ICC values occur when the dataset is close to
gaussian.

Figure 4 Classification tree evaluating the fit of MR-GFR to iohexol-GFR. The classification trees
using absolute differences and ICC were identical. The classes are defined based on the threshold
levels 15% (’Good’) and 30% (’Moderate’). The classification tree indicates that the optimal
processing chain contains gadolinium concentration estimation by relative enhancement, and a
distal AIF placement. Choice of segmentation method or removal of motion corrupted volumes did
not affect the classification. The level of data fit to the tree was 90.6%, implying that this level of
observations was correctly assigned to their respective classes.

Figure 5 Bland-Altman plot for the highest obtained ICC score (ICC = 0.3147). Each of the data
points represents total GFR for one subject. The horizontal lines represent ±1.96× SD of the
difference data.

Figure 6 Classification tree for absolute differences where the class membership thresholds are
optimized to maximize data fit with threshold levels of 25%/41% (’Good’/’Moderate’). The level
of data fit to the tree was 96.8%.

Figure 7 Classification tree for ICC where the class membership thresholds are optimized to
maximize data fit with threshold levels of 37%/63% (’Good’/’Moderate’). The level of data fit to
the tree was 100%.
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Observer analysis in MR renography study subgoal 1 (SG1) 
A guide to the visual grading characteristics (VGC) method 

Dear radiologist, thanks for your contribution and effort being an observer in 
this visual grading characteristics study. In the following you will find an 
instruction of the parameters you will be asked to evaluate and score.  

In this research study we have examined healthy volunteers with different MR 
acquisition techniques for the dynamic contrast-enhanced (DCE) MRI of the 
kidney function. Among other parameters, glomerular filtration rate (GFR) will 
be calculated from these techniques. 

Your task is, with the help of your experience in the interpretation of abdominal 
MRI examinations, to perform your subjective evaluation of 18 predefined 
image quality parameters. In total 20 examinations are to be evaluated.  

The basic idea of the visual grading characteristics of image quality is the 
assumption that the chance for detecting pathology correlates to the reproduction 
of anatomy. It is also reasons to believe that image quality might influence on 
the precision in the estimation of quantitative MR biomarkers such as GFR.  In 
rapid dynamic MR acquisitions like MR Renography, the image quality easily 
might become degraded due to the strict demands of both high temporal and 
spatial resolution.  

Each volume in the dynamic series covers both kidneys and the aorta using a 
multiple breath hold technique. In your evaluation all volumes and both kidneys 
should be evaluated as a whole. This means that the most degraded slices within 
the volume should be given most weight, especially if slice is centrally localized 
within the kidney. The reason for this is that information from each slice in the 
volume probably influence on the precise quantitative analysis of functional 
kidney parameters.   

Each parameter should be scored using a 5-point rating scale. It is desirable, 
when appropriate, that you utilize the whole range of the scale. 
The rating scale is formulated so that the score «1» is the least good, and «5» 
always the best.  

Three sets of categories should be evaluated: 1) anatomical reproduction, 2) 
presence of artefacts and 3) overall image quality characteristics. The rating 
scale is adjusted to each set of category  

Beneath you will be guided through each of the parameters being evaluated: 
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Category one: visual anatomical reproduction
The first four volumes in each acquisition are baseline-volumes before the injection of 
Gadolinium.  

Please note that some of the parameters; 1, 2, 5, 6, concern the non-enhanced images (-Gd). 
These will ideally reflect the inherent T1-values of the structures. 
Parameter 3, 4 and 7 covers the enhanced images (+Gd) reflecting the dynamic process.  

1. Sharp and homogenous reproduction of juxtarenal aorta – Gd? 

Juxtarenal aorta: the segment of aorta localized centrally, +/- 2 cm, around origin of the 
renal arteries. 
Sharpness: grade of blurring in the contours of the non-enhanced juxtarenal aorta. 
Homogeneity: grade of regular regular/even/smooth distribution of intensity values within the 
juxtarenal region of the aorta without contrast-enhancement. Homogeneity might be 
influenced by factors such as artefacts and noise. 

2. Sharp and homogenous reproduction of distal aorta – Gd? 

Distal aorta: the segment of aorta localized from 2-12 cm below the level of the renal 
arteries.  
Sharpness: grade of blurring in the contours of the non-enhanced distal aorta. 
Homogeneity: grade of regular regular/even/smooth distribution of intensity values within 
distal part of the aorta without contrast-enhancement. Homogeneity might be influenced by 
factors such as artefacts and noise. 

3. Sharp and homogenous reproduction of juxtarenal aorta +Gd? 
Juxtarenal aorta: the segment of aorta localized centrally, +/- 2 cm, around origin of the 
renal arteries. 
Sharpness: grade of blurring in the contours of the contrast-enhanced juxtarenal aorta. 
Homogeneity: grade of regular regular/even/smooth distribution of intensity values within the 
juxtarenal region of the aorta with contrast-enhancement. Homogeneity might be influenced 
by factors such as artefacts and noise. 

4. Sharp and homogenous reproduction of distal aorta +Gd? 
Distal aorta: the segment of aorta localized from 2-12 cm below the level of the renal 
arteries.  
Sharpness: grade of blurring in the contours of the contrast-enhanced distal  aorta. 
Homogeneity: grade of regular regular/even/smooth distribution of intensity values within 
distal part of the aorta without contrast-enhancement. Homogeneity might be influenced by 
factors such as artefacts and noise. 
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5. Sharp and homogenous reproduction of renal cortex -Gd? 

Sharpness: grade of blurring in the contours of the renal cortex 
Homogeneity: grade of regular regular/even/smooth distribution of intensity values within the 
renal cortex. Homogeneity might be influenced by factors such as artefacts and noise. 

6. Sharp and homogenous reproduction of renal medulla –Gd? 

Sharpness: grade of blurring in the contours of the renal medulla 
Homogeneity: grade of regular regular/even/smooth distribution of intensity values within 
renal medulla. Homogeneity might be influenced by factors such as artefacts and noise. 

7. Sharp visualization of the corticomedullary differentiation in the 
contrast-enhanced images? 

Sharp visualization: grade of blurring in the contours between of the renal cortex and 
medulla throughout the dynamic course. And “intensity” of the signal-intensity changes from 
«wash-in» to «wash-out» – phase: Grade of cortico-medullar differentiation.

Rating scale parameters 1-7: 
1= uninterpretable (severe blurring/severe non-homogeneity) 
2= poor (substantial blurring/substantial non-homogeneity) 
3= fair (moderate blurring/moderate homogeneity) 
4= good (minor blurring/good homogeneity) 
5= very good (sharp/very good homogeneity) 
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Category two: Presence of artefacts (influence on image 
interpretation of renal structures) 

(Rha et al, 2004, Radiographics)

8. Presence of inflow artefacts in distal aorta? 

Distal aorta: the segment of aorta localized from 2-12 cm below the level of the renal 
arteries.  
Inflow artefact: occurs when unsaturated spins in the blood enter the excited slice. It 
is characterized by bright signal in the blood vessels in the particular slice and the 
effect is fading with distance.  

9. Presence of artefacts due to motion? 

Motion artefacts: grade of impairment on image quality due to effects of motions 
originated from for instance: diaphragm, vessel pulsation, peristaltic, kidney motion. 
Non-periodic movement causes diffuse image noise recognized as blurred contours 
(in the renal structures). 

10.Presence of susceptibility artefacts? 

Susceptibility artefacts: occur as a result of variations in the magnetic field strength 
at interfaces of tissues with different magnetic susceptibilities, such as water and 
contrast agent. Gives a T2* effect and is characterized in a paradoxical loss of 
signal, typical in renal pelvis, as a consequence of high concentration of gadolinium 
within excreted urine.   

11.Presence of chemical shift artefacts at the poles? 

Chemical shift artefact: Arise due to the difference in resonance between fat and 
water and occurs at fat/water interface. In renal imaging the artefact might appear like
bright and dark strikes around the renal poles.  

Cortex

Medulla 
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12.Presence of chemical shift artefacts at the lateral and medial 
contours? 

Chemical shift artefact: Arise due to the difference in resonance between fat and 
water and occurs at fat/water interface. In renal imaging the artefact might appear like
bright and dark strikes around the lateral and medial contours of the kidneys.  

13.Presence of streaking artefacts?  

Streaking artefacts: appears like streaks in parts or in the whole image due to the k-
space sampling technique, independent of anatomy. 

14. Presence of infolding artefacts? 

Infolding artefacts: results from mismapping of anatomy that lies outside the FOV 
but within the slice volume. Appears like displaced anatomy usually to the opposite 
side of the images. In abdominal imaging the anatomy of the arms are typically 
displaced into to abdomen. 

15. Presence of other artefacts? 

Other artefacts: if not mentioned above. Please comment in attachment 1, page 6. 

Rating scale parameters 8-14: 
1= uninterpretable (because of artefacts)/(non-diagnostic) 
2= substantial artefacts (non-diagnostic) 
3= moderate artefacts (diagnostic) 
4= minor artefacts (diagnostic) 
5= no artefacts (diagnostic) 



VGC-analysis SG1 Eli Eikefjord 

6 

Category three: overall image quality characteristics

16. Presence of overall noise? 

Noise: Perception of graininess and its effects on the visualization of kidney 
anatomical structure and function (visual contrast enhancement).  

17. Overall sharp visualization of both kidneys in each phase of contrast-
enhancement?  

Sharpness: distinct and artefact-free delineation of both kidneys to the surrounding 
tissues, and of renal parenchyma. 

18.Overall sharp visualization of the renal pelvis? 

Sharpness: distinct and artefact-free delineation of renal sinuses to the surrounding 
tissues. 

19. Overall image quality?  

Overall image quality: perception of the general diagnostic quality of the exam, 
concerning the visualization of kidney anatomical structure and function (visual 
contrast enhancement).   

Rating scale parameters 15-18: 
1= uninterpretable (non-diagnostic) 
2= poor (non-diagnostic) 
3= fair (diagnostic) 
4= good (diagnostic) 
5= very good (diagnostic) 
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Attachment 1 parameter 15

Presence of other artefacts, please fill in comments: 

Exam nb. Comments: 

1  

2  

3  

4  

5  

6  

7  

8  

9  

10  

11  

12  

13  

14  

15  

16  

17  

18  

19  

20  
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